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Abstract
Infection with nematode parasites detrimentally affects production efficiency in grazing 
animals, mainly through a reduction in food intake (anorexia).This thesis describes a series 
of six in vivo experiments designed to investigate the interactive effects of genotype, 
immune status and protein nutrition on the occurrence of parasite-induced anorexia of sheep. 
The experiments also investigated the role of the hormore leptin in immune response and 
anorexia following infection with gastrointestinal nematodes. In general, each experiment 
involved two breeds of lambs (Suffolk x Greyface, S, and Scottish Blackface, B) or ewes 
(Greyface cross, G, and Scottish Blackface, B) that are known to differ in their production 
potential. In each experiment, animals were either infected with the abomasal nematode 
Teladorsagia circumcincta and fed ad libitum or non-infected and fed either ad libitum or 
restrictedly..
The first two experiments investigated the effect of a primary and a secondary infection on 
anorexia and plasma leptin concentrations (PLC) in growing lambs (Chapter 3). The 
secondary infection started two weeks after the discontinuation of the primary infection. The 
results showed that lambs of the S breed were more susceptible to nematode infection than B 
lambs, as judged from the differences in faecal egg counts. Primary infection resulted in 
anorexia in S lambs but not in B lambs and re-infection tended to affect the food intake of S 
lambs only. Infection did not result in an acute increase in PLC, but its effect was significant 
when variation in food intake between treatments was accounted for. These results suggest 
that anorexia can occur in previously infected lambs, thus the effect of re-infection on 
anorexia was further investigated (Chapter 4).
Chapter 4 describes a series of 3 experiments with lambs. In these experiments, previously 
naïve lambs of approximately 3 (experiment I) or 7 (experiment II) months of age were 
infected with T. circumcincta for either 10 or 7 weeks, respectively. Lambs of experiment I 
were re-infected either 4 or 8 weeks after the end of the primary infection (experiment III). 
The results showed that the breed differences in resistance to infection were not associated 
with breed differenced in the degree of anorexia (experiment I) and infection of 7-month old 
lambs did not result in anorexia. Re-infection of previously infected lambs did also not result 
in anorexia when lambs were re-infected 4 or 8 weeks after the end o f the primary infection. 
In addition, the results of these experiments showed that nematode (re)infection did not 
result in an increase of PLC. These results suggest that leptin may be involved in the 
response of Iambs to infection, but it is unlikely that leptin alone is responsible for the 
parasite induced anorexia in lambs.
The last experiment (Chapter 5) investigated the consequences of protein supplementation on 
anorexia, and PLC in infected periparturient ewes. Infection resulted in a breakdown of 
immunity to parasites (PPRI) and a reduction in food intake in both breeds. The breeds 
differed in the extent of PPRI (G ewes having higher FEC than B ewes), but not in the 
magnitude of anorexia. Protein supplementation resulted in a reduction in FEC, but had no 
effect on the magnitude of anorexia. Plasma leptin concentrations changed significantly over 
time, but were not affected by protein supplementation or infection. It was concluded that 
infection with T. circumcincta in periparturient ewes results in anorexia that is not alleviated 
by protein supplementation. Leptin is unlikely to be responsible for the anorexia of nematode 
infection in periparturient ewes.
The outcomes of the above experiments are brought together with the literature in the 
General Discussion (Chapter 6) and directions of future work, to elucidate the mechanisms 
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Gastrointestinal nematode infections of ruminants are a major cause of economic 
losses in ruminant production systems, especially because such infections result in a decrease 
in food intake (anorexia). Control of this disease has relied strongly on anthelmintics drugs 
but the emerging development of anthelmintic resistance of nematodes and increasing 
consumer concerns about chemical residues entering the food chain have stimulated 
investigations to find alternative sustainable control strategies.
Some of the main approaches to reduce effects of parasitism on productivity are 
based on the exploitation of the genetic resistance and improved nutrition (especially protein 
supplementation) of livestock. Differences in resistance to nematode infections are expected 
between breeds that differ in their production potential. Whether these breeds differ in the 
degree (i.e. magnitude and duration) of anorexia following nematode infection, however, is 
currently not known. In addition, little is known about the occurrence of anorexia in 
secondary infections, i.e. in the immune lamb or periparturient ewe. Although protein 
supplementation has a beneficial effect on resilience to nematode infection in periparturient 
ewes, it is not known how protein supplementation during infection affects anorexia.
The recent literature suggests a link between the immune response and the 
occurrence of anorexia in infected animals. Evidence suggests that the adipocyte hormone 
leptin, that is also involved in food intake regulation, plays an important role in the immune 
response of rodents and a role for leptin in the anorexia of infection and inflammation has, 
therefore, been proposed It is not known, however, if plasma leptin levels increase during 
gastrointestinal nematode infections in sheep and if such increases in leptin are associated 
with parasite-induced anorexia.
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This study examined how breeds of sheep that differ in their production potential 
respond in terms of anorexia, following a primary (previously naïve lambs) and/or a 
secondary infection (previously infected lambs or ewes) with the nematode Teladorsagia 
circumcincta and how protein nutrition affects the degree of anorexia in those breeds. The 
study also investigated the possible role of the hormone leptin in the development and 
expression of immunity in sheep following infection with nematodes.
The introductory chapter of this thesis consists of three sections: the first section is a 
review of the consequences of gastrointestinal nematode infection in sheep in terms of food 
intake and immune response. The second part provides information about the effects of 
genotype, nutrition and immune status of the host on sheep responses to nematode infection, 
which is relevant for the potential interactions between effects of host genotype and nutrition 
on the consequences of gastrointestinal parasitism. The last section deals with the available 
evidence concerning the role of leptin in the food intake regulation and immune response 
with special focus on the parasitised sheep.
The results of the experiments that were carried out during the course of this study 
are reported in three Chapters (3 to 5). The first experimental Chapter (3) describes two 
experiments that investigated the effect of a primary and a secondary infection on anorexia 
and plasma leptin concentrations in growing lambs of two breeds. In Chapter 4, in addition 
to the breed effects on the parasite-induced anorexia, the effects of age and immune status 
were also investigated. The effect of nematode infection on plasma leptin concentrations was 
also studied. The last experimental Chapter (5) investigated the consequences of protein 
supplementation on anorexia, expression of immunity and plasma leptin concentrations in 
parasitised ewes o f two breeds. The results of the entire study are discussed in relation to the 
literature in the General Discussion (Chapter 6).
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CHAPTER TWO
Review of the literature
2.1. Gastrointestinal parasites and effects of infection on the host
Ruminants are continuously exposed to infective forms of gastrointestinal parasites 
through grazing. This inevitable infection of grazing livestock can have numerous effects on 
the host depending on the parasite genera, infection rate and the immunological status o f the 
animal. Teladorsagia circumcincta (previously called Ostertagia circumcincta) and 
Trichostrongylus spp are probably the most important nematode species in sheep and goats 
in temperate climatic zones throughout the world (Encyclopaedia of Parasitology, 2007).
These nematode parasites of the gastrointestinal tract have a direct life cycle (i.e. 
there is no intermediate host). Adult female worms in the gastrointestinal tract of the sheep 
lay fertilised eggs that are excreted by the host in the faeces. Eggs, under suitable 
environmental conditions, hatch within the faeces to produce free-living first larval stage 
(LI). The LI develop and undergo a moult to second stage larvae (L2). LI and L2 are active 
and feed on bacteria in the faeces. L2 moult to third larvae (L3). The L3 migrate onto the 
herbage, where they can be ingested by sheep. Within minutes or few hours after ingestion 
L3 larvae loose their sheath (exsheathment), a fact that marks the transition from the free- 
living to parasitic phase. L3 larvae move to the abomasums and invade the abomasal gastric 
glands, where they develop and moult two more times before emerging from the gland as 
adult (L5) parasite, which may be as early as 8 days post infection (Urquhart et al., 1996). 
Sexually mature adult worms may then copulate and female worms lay eggs, which in turn 
are excreted on the pasture though host faeces. The time from ingestion of larvae to 
appearance of egg laying females is normally about 16 to 21 days (Urquhart et al., 1996).
Although some nematode species differ in the habitat that it occupies and 
consequently in the damage and the disease that it causes, infections are commonly
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characterized by similar clinical signs such as diarrhoea, weight loss, decreased production, 
rough hair coats, hypoalbuminaemia, dehydration, and in severe infections death. In general, 
infection of the small intestine with T. colubriformis is characterized by villous atrophy and 
reductions in both saliva and serum phosphate concentrations that presumably reflect 
impaired phosphorous absorption (Wilson and Field, 1983; Poppi et a l ,  1986; Bown et a l, 
1989). Abomasal infections with T. circumcincta is frequently associated with reduced 
functionality of parietal cells, which results in reduced gastric acid secretion and increased 
abomasal pH and other pathophysiological changes that result in increased circulating gastrin 
and pepsinogen concentrations and protein loss in the gastric lumen (Anderson et al., 1981; 
Holmes, 1985; Fox, 1997). Nevertheless, regardless of the parasite species, the main 
manifestation of nematode infections in sheep is the temporary depression in voluntary feed 
intake i.e. anorexia (Sykes and Coop, 1977; Symons et al., 1981), which undoubtedly 
contributes to reduced production efficiency of the nematode infected sheep (Coop and 
Sykes, 2002).
The most common criterion for the reduced productivity of parasitised sheep is the 
reduction in body weight gain of the host. Lambs infected with 37,500 or 120,000 T. 
circumcincta larvae per week showed anorexia and had reduced growth rates of 
approximately 35% or 53% compared to non-infected counterparts during the first 12 weeks 
of infection, respectively (Symons et al., 1981). Reductions in bodyweight gain of 20% to 
60% have been also recorded in lambs infected with the same or other nematode species 
(Sykes and Coop, 1976, 1977; Abbott and Holms 1983; Steel et al., 1980). In periparturient 
ewes, which may also show anorexia following infection with T. circumcincta, reductions in 
performance were reflected in significant weight loss and reductions in milk production and 
wool growth (Leyva et al., 1982). In addition to changes in body weight, alterations in body 
composition also occur in sheep since infected animals have lower deposition of fat, protein
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and skeletal calcium and phosphorus compared to uninfected controls (Sykes and Coop, 
1976, 1977).
However, comparisons of the performance of parasitized lambs with that of 
uninfected controls offered the same amount of feed (pair-fed animals) have shown that 
changes in animal metabolism and in the efficiency of food utilization can also account for 
impaired productivity (Coop and Holmes, 1996; van Houtert and Sykes 1996; Coop and 
Sykes 2002). In lactating ewes, which were infected weekly (for 12 weeks, starting 6 weeks 
before parturition) with 2,500 L3 larvae of Haemonchus contortus, milk production was 23% 
lower compared to milk production of uninfected control animals, despite the absence of 
anorexia in the infected ewes (Thomas and Ali, 1983). It has been therefore suggested that 
anorexia alone is unlikely to be totally responsible for the reduced production observed in 
parasitized sheep (Coop and Holmes, 1996; van Houtert and Sykes 1996; Fox, 1997; Sykes 
and Coop, 2001; Coop and Sykes, 2002). Bown et ah, (1991) have suggested that losses of 
epithelial cells, plasma and extracellular fluids that are associated with nematode infections 
of the gastrointestinal tract have to be replaced, at a cost. In addition, the animal has to 
mount an immune response, involving local inflammatory responses, epithelial cell 
secretions and antibody production (Sykes and Coop, 2001; Greer, 2008). The cellular and 
humoral responses that the host needs to develop and/or maintain following nematode 
infections are likely to be nutrient demanding, particularly in sulphur-containing amino acids 
(Macrae et al., 1993; Sykes and Coop, 2001; Colditz, 2002; Greer, 2008). It is suggested that 
the detrimental consequences of gastrointestinal parasitism on animal productivity are 
mainly due to both anorexia and increased nutrient demand for immune response (i.e. 
acquisition and/or maintenance) and tissue integrity restoration. The aspects of anorexia and 
immune response during the gastrointestinal nematode infection in sheep, are described in 
more details below.
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2.1.1. Anorexia during gastrointestinal infections in sheep
General. Reductions in voluntary food intake of 10% to 30% are typically observed 
in parasite naïve lambs following infection with abomasal (Sykes and Coop, 1977; Coop et 
al., 1982) or small intestine nematodes (Steel et al., 1980, 1982; Kyriazakis et al., 1996a,b) 
they are observed less frequently in large bowel nematode infections. The magnitude of 
anorexia can range in severity from as little as 5-10% to complete anorexia within 1-3 weeks 
of challenge (Sykes, 1991; Coop and Sykes, 2002) and is likely to be related to the number 
of larvae ingested, within certain limits. For example, in T. colubriformis infections the 
degree of anorexia was directly related to larval doses of 3000, 9500, and 30,000 per week, 
with the last dose reducing consumption by about 55%, but no reduction in food intake was 
observed at dose rates of 300 or 950 larvae per week (Steel et al., 1982). Similarly, in T. 
circumcincta infections, Coop et al., (1982) showed that the reduction in food intake was 
greater in lambs given 35,000 L3 per week than those receiving 15,000 L3, which in turn 
was greater than those dosed with 7,000 L3 larvae per week. The timing of the occurrence of 
anorexia following infection with T. circumcincta or T. colubriformis differs between these 
parasite species. Anorexia following infection with T. circumcincta develops as early as the 
second week of the onset of infection (Sykes and Coop, 1977; Symons et al., 1981), whereas 
anorexia following T. colubriformis infection develops after the fourth week of the onset of 
infection (Steel et al., 1980; Kyriazakis et al., 1996b). Food intake seems to recover once 
animals have become immune to parasites (Kyriazakis et al., 1994, 1996b), although this is 
likely to depend on the rate of development of the immunity, depending on the parasite 
species (Sykes and Coop, 1977; Coop et al., 1982; Kyriazakis et al., 1994, 1996b).
Factors that may affect anorexia in sheep. The occurrence of parasite-induced 
anorexia in sheep has been studied extensively over the past thirty years almost solely in 
parasite naïve crossbred lambs; comparisons between breeds on the degree of anorexia 
following nematode infection are not available so far. However, according to a recently
developed model for predicting feed intake of growing animals during exposure to 
pathogens, differences in anorexia are expected between breeds of animals that differ in their 
production potential (Sandberg et al., 2006). In addition, the occurrence of anorexia in 
secondary infections, i.e., in the immune host, has not been studied extensively and there is 
scant evidence whether re-exposure to infection of previously infected sheep results in 
renewed anorexia or not. For example, there are only two studies available to report results 
on anorexia in periparturient ewes. Leyva et al., (1982) found that periparturient ewes can 
show a reduction in voluntary food intake of around 16% during lactation, following 
infection with T. circumcincta; however, in the study of Thomas and Ali (1983) there was no 
significant difference in intake between control and infected ewes with Haemonchus 
contortus during the periparturient period, although infection had detrimental effects on ewe 
milk production. The outcomes of secondary infection on food intake are more consistent in 
studies with barren ewes (i.e. non-pregnant, non-lactating), and these studies report that 
anorexia is not likely to occur in re-infected mature sheep (Kimambo et al., 1988; Greer et 
al., 2005). In occasions in which re-infection may result in anorexia, Symons (1985) suggests 
that the causes and effects are unlikely to be different from those of primary infections.
The effect of dietary protein intake on the degree of anorexia has not been studied 
extensively and the available studies in this respect are summarised below. Coop and Sykes 
(2002), in their review about the interactions between parasitism and nutrition, report that the 
degree of anorexia is probably influenced by the intake of dietary protein or phosphorus (P) 
or both. Relevant to these suggestions is the observation that individually penned sheep 
infected with T. colubriformis and offered a choice between isoenergetic foods with a high 
(206 g/kg DM) or a low (86 g/kg DM) protein concentration, consumed a higher proportion 
of the high-protein diet than uninfected controls (Kyriazakis et al., 1994, 1996b). In the study 
of Kyriazakis et al., (1996b) lambs fed solely on the high protein diet had an overall 
reduction in intake of about 11%, while the reduction in intake in the low protein fed lambs
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was approximately 17%, but the interaction between parasitism and protein intake was not 
statistically significant. Similar were the results of the study of Bown et al., (1991), who 
found that the reduction in intake in protein or glucose supplemented lambs (abomasal 
infusion of casein or glucose) following deliberate infection with T. colubriformis averaged 
20%, while in infected unsupplemented lambs the reduction in intake was approximately 
30%. Reduced food intake was observed in some lambs fed restrictedly on a low (88 g CP 
per kg DM)- but not on a high (170 g CP per kg DM)-protein diet, following a single dose of
H. contortus infection (Abbott et al., 1985), but no quantitative figures on food intake were 
given. It is not clear from the study of Abbott et al., (1985) whether the high-protein group 
would have shown some degree of anorexia if it had been fed ad libitum instead of the 1000 
g per day. The only other study that investigated effects of food quality on anorexia reports 
that the degree of anorexia following trypanosome infection in goats was similar in animals 
that received either a high or a low protein food (vanDam et al., 1997). Particular studies on 
the effect of protein on anorexia in per ¡parturient ewes are completely lacking, although the 
effects of protein supplementation during the periparturient relaxation of immunity have 
been studied extensively. It is evident that further investigation into the role of food quality 
on parasite induced anorexia, especially in the periparturient ewe, is warranted.
Underlying mechanisms o f  parasite-induced anorexia in sheep. Despite the 
importance of the factors (i.e. breed, protein supply, immune status) that may affect the 
occurrence of anorexia in parasitised sheep, underlying mechanisms that may be involved 
are not yet fully understood. Such knowledge however, is essential in order to understand 
better the interactive effects between breed, nutritional regime and immune status on the 
parasite induced anorexia in sheep. In this paragraph, the current knowledge on the reasons 
and the underlying mechanisms that may be involved in the parasite-induced anorexia in 
sheep, are reviewed.
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At first sight, the occurrence of anorexia seems somewhat paradoxical as it appears 
as though animals have evolved a mechanism in which nutrient intake is reduced at a time 
when demands for energy and protein for the development of immune function and repair of 
damaged tissue are increased. However, it has been argued that anorexia has an evolutionary 
and ecological significance and some authors proposed that it has to be beneficial for the 
host, particularly early in disease, but, agreed that if prolonged it adversely affects the host 
(Symons, 1985; Hart, 1998; Kyriazakis et al., 1998). The most convincing support for the 
role of anorexia during disease comes from the experiments of Murray and Murray (1979) 
on mice infected with the bacterium Listeria monocytogenes. Force feeding o f infected mice 
to a “normal” energy intake (i.e. that of their uninfected controls) led to an increased 
mortality and shortened survival time, compared with infected mice that were allowed to 
become anorexic. In addition, if food deprivation is employed two to three days before the 
bacterial infection, survival rates in mice can be increased (Wing et al., 1982).
With regards to the parasite-induced anorexia in sheep, Kyriazakis et al., (1998) in a 
comprehensive review have discussed several functional hypotheses to account for the 
reduced feed intake in parasitized animals.' These authors, in view of the available 
knowledge, concluded that the most plausible hypothesis is that anorexia should be 
considered as a disease-coping strategy that has evolved in order to help animals to promote 
an effective immune response. This hypothesis certainly fits with evidence that increased 
intakes of trace elements, and particularly of iron and zinc, may reduce immune responses to 
bacterial diseases (Chandra 1993). The occurrence of anorexia results in reduced changes of 
raising plasma concentrations of iron from iron-containing foodstuffs, but, such reasoning is 
more applicable for carnivores that can take in more iron in a short period of time rather than 
grazing ruminants (Hart, 1998).
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In contrast, reduced intakes of protein (Houdijk et al., 2003; Kahn et a l, 2003) or 
energy (Valderrabano and Uriarte, 2003) do not seem to promote an effective immune 
response as shown in studies with sheep fed restricted amounts of food, compared to their 
adequately fed counterparts. Therefore, rather than being viewed as a disease coping 
strategy, the reduction in food intake during gastrointestinal parasitism may be considered a 
consequence of the developing immune response. Direct evidence for this suggestion, at 
least for the T. circumcincta or T. colubriformis species, comes from a recent study which 
investigated the role of the immune response per se in the depression of appetite caused by 
these parasites during the first 10 weeks of infection (acquisition phase) in previously naive 
lambs (Greer et al., 2005). In this study, growing lambs were fed ad libitum and were either 
non infected or infected with 2000 larvae of T. colubriformis per day or similarly infected 
but concurrently immunosuppressed by glucocorticoids. The food intake of infected sheep 
was reduced by 30% compared to the non-infected counterparts, while lambs that were 
infected but immnnosuppressed did not show any reduction in feed intake. These results 
allowed the authors to conclude that the effect of infection on food intake is the consequence 
of the activation by the parasite of the host immune response rather than being simply the 
physical damage to the gastrointestinal tissue alone.
Earlier studies on the possible causes of anorexia in parasitised sheep supported that 
food intake is depressed in ruminants by reduced flow of digesta as a result of increase in 
gastrin (Fox et al., 1988, 1989) and abnormal gut motility (Bueno et al., 1982). However, 
there were inconsistent changes in serum gastrin in sheep parasitized by an isolate of T. 
circumcincta in which larval development takes place almost exclusively in the pylorus and 
there were periods of anorexia without any increase in serum gastrin (Simcock et al., 1999). 
Much interest was also developed in earlier years about the role of the neuropeptide 
cholecystokinin (CCK; a hormone of the gastrointestinal tract) on food intake regulation as 
food intake increased in parasitized lambs given a CCK receptor antagonist that acts in the
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hypothalamus (Dynes et ah, 1998). As mentioned earlier, the recent finding that parasite- 
induced anorexia in young sheep can be completely abolished if an effective immune 
response is prevented (Greer et al., 2005), provided support of the view that anorexia is 
directly related to the immune system activation. A number of earlier studies in mice and rats 
suggest that anorexia during infection is caused by the action of the pro-inflammatory 
cytokines in the hypothalamus (Spurlock, 1997; Plata-Salaman, 1998; 2004). Cytokines are a 
diverse group of small proteins that induce responses in the cells that produce them or in 
other cells via specific receptors (Janeway, 2001). Recent studies (Pernthaner et al., 2005, 
2006) provided novel evidence that immune response to nematode infection in sheep 
depends on pro-inflammatory cytokine production, as suggested earlier for parasitised 
murine models (Roberts et al., 1999; Maizels and Yazdanbakhsh, 2003). However, it is 
currently not known whether pro-inflammatory cytokines contribute to the anorexia of 
nematode infections in sheep. In addition, although specific evidence from sheep is lacking, 
there is increasing evidence, admittedly from other animal species that the components of the 
cytokine cascade in the early phase of the immune response are up-regulated by leptin 
expression (Grunfeld et al., 1996; La Cava and Matarese, 2004; Fantuzzi, 2005; Matarese et 
al., 2005). Further elucidation of the possible role of cytokines and leptin on anorexia the 
parasite induced anorexia is reviewed later in this chapter (part 2.3.2.)
2.1.2. Immune response to nematode infections
General aspects. Lambs do not appear to be born with a natural non-specific (innate) 
immunity to gastrointestinal nematode infections (Smith et al., 1985), but they acquire 
immunity following continuous exposure to gastrointestinal nematodes. Following the first 
contact with gastrointestinal worms, hosts become sensitised by recognising the parasite 
antigens (macromolecules such as proteins and polysaccharides) as non-self and gradually 
develop immunity against them (Balic et al., 2000). Generally, in parasite-naive hosts, as the 
protection develops, animals first acquire the ability to inhibit the development of infective
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larvae, then become able to inhibit the establishment of incoming larvae, to reduce the 
fecundity (egg-laying capacity) of adult female worms and finally to expel adult worms 
(Seaton et a l, 1989). This phase of acquisition of immunity to gastrointestinal parasite is 
relatively long compared, for example, to bacterial or blood-born protozoan infections 
(Janeway, 2001). Development of lamb immunity against T. circumcincta or T. 
colubriformis parasites may take between 4 to 8 weeks of continuous and repeated challenge 
(Seaton et al., 1989; Dobson et al., 1992; Barnes and Dobson, 1993; Coop et al., 1995). 
Although many aspects of the immunisation process and acquisition of immunity are not yet 
fully understood (Balic et al., 2000), this delay in the development of immunity may occur 
due to the stage-specific nature of immunity and the changing of antigenic profile of 
developing/moulting infective larvae (Keith et al., 1990; Harrison et al., 2003), or may 
reflect the loose degree of contact between parasites and the host tissue (Wakelin, 1996). 
Once animals have acquired immunity to gastrointestinal nematodes, they can be 
successfully protected from subsequent challenge infections. In rodent models and 
ruminants, the first evidence of developing protective immunity to a primary infection and 
acquired protective immunity following challenge infection is usually a decreasing and no 
egg output in faeces, respectively. Although faecal egg count (FEC; eggs per gram faeces, 
epg) is the only parasitological parameter of immunity that can be obtained sequentially and 
regularly in the same animal in the course of an infection, it does not strictly reflect the 
fecundity of the female worm population (Claerebout and Vercruysse, 2000), as other factors 
may affect the faecal egg count such as the amount of food intake and the digestibly of the 
food. However, a very good correlation between faecal egg counts and the number of eggs in 
utero was found in C. oncophora (Claerebout and Vercruysse, 2000) and O. circumcincta 
(Stear et al., 1995) infections in calves and sheep respectively.
The acquired immunity to parasites is likely to diminish with time if challenge is 
withdrawn (Dineen and Wagland, 1966; Jackson et al., 2004) or it can break down to varying
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degrees during the periparturient period. The periparturient relaxation of immunity (PPRI) is 
particularly evident for abomasal nematode infections and is manifested by a high rise in 
FEC (Barger, 1993). The timing of PPRI is variable, but, in general, the immune status o f the 
ewe is lowered from about 2 to 3 weeks before and up to 6 to 8 weeks after parturition 
(McAnulty et al., 2001). The causes o f PPRI are still subject to debate, but there is 
supporting evidence that it may have a nutritional basis (this aspect is reviewed later).
Mechanisms o f  immune response. Regulation of gastrointestinal nematode 
populations in small ruminants has been shown to involve effector mechanisms that affect 
key biological processes such as establishment, growth, reproduction and persistence of the 
parasite within the host (Barger, 1988). These mechanisms involve the stimulation of both 
cellular and humoral (immunoglobulin (Ig) based) responses that provide protection that is 
specific to both stage of development and parasite genera (Balic et al., 2000). Such 
mechanisms responsible for the resistance against parasitic infections are: (i) the mucosal 
mast cell and globule leukocyte hyperplasia, (ii) the proliferation of eosinophils in both 
blood and local mucosal sites, (iii) the increase of mucus production and appearance in 
mucus of substances inhibitory to parasites and (iv) the production of nematode specific 
IgGl, IgG2, IgE and IgA antibodies (Huntley et al., 1992, 1998; Harrison et al., 1999, 2003; 
Balic et al., 2003).
To help explain the observations involved in cellular immunity, the phenomenon has 
essentially been split into two types of response, either a T-helperl (Th)-1 response, which is 
generally considered to be an inflammatory and “innate” action of the immune system, or a 
Th-2 type response which is consider as specific, or “acquired” immune reaction to antigens 
(Maizels and Yazdanbakhsh, 2003). Nematode infections invoke a Th2 response, which is 
associated with secretion of IL-4, IL-5, IL-9, IL-10 and IL-13 which promote the growth and 
differentiation of mast cells and eosinophils as well as production of IgE, which is believed
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to mediate the activation of these cells (Jankovic et ah, 2001). The majority of our 
understanding of cell mediated immune response towards gastrointestinal infections has been 
derived from murine and human studies (Maizels and Yazdanbakhsh, 2003). However, 
recent investigations of cytokine production profiles in the intestinal lymph of sheep have 
shown increased cytokine expression in lambs selected for enhanced immunity during 
infection with T. colubriformis (Pernthaner et ah, 2005, 2006).
In addition to the changes in cellular immunity, parasite-induced antigenic 
stimulation causes a pronounced increase in the production of an array of nematode-specific 
immunoglobulins. The most abundant of these in ruminants is immunoglobulin-A (IgA), 
which has been implicated in the regulation of worm length and fecundity of populations of 
T. circumcincta (Smith et ah, 1983; Stear et al., 1999; Strain and Stear, 2001), and levels of 
which in lymph draining the abomasum can indicate protection against T. circumcincta 
(Smith et al., 1987; Strain and Stear, 2001). Although the role of IgG is unclear, phenotypic 
correlations of up to 0.62 for FEC with serum IgG levels have been observed (Douch et al.,
1995). In comparison, IgE is believed to mediate the maturation of mast cells and subsequent 
production of globule leukocytes (Huntley et al., 1992). Consequently, serum IgE levels are 
negatively associated with worm burden, since the expulsion of worms from the gut would 
result in reduced mast cell turnover that would reduce the requirement for IgE, thus causing 
a rise in serum levels (Thatcher et al., 1989).
In summary, the immune response that is invoked by gastrointestinal nematodes is 
multifaceted and very complex. As a consequence, there are still many gaps in our 
knowledge regarding the ovine immunological cascade and the role of each component 
(Gasbarre et al., 2001; Meeusen, 1999). Furthermore, these complex immunoregulatory 
responses are relatively costly for the host to maintain since they require continuous 
production of mucins, antibodies, inflammatory mediators and other effector cell products in
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addition to the loss of endogenous proteins associated with hypersensitivity reactions (Sykes 
and Coop, 2001; Jackson et al., 2004; Colditz, 2008). In addition, experimental evidence has 
shown that expression of immunity to parasites is greatly influenced by the host genotype, 
nutrition, immune status and age of the host (Gray et al., 1992; Coop and Kyriazakis, 1999; 
Coop and Sykes 2002; Colditz, 2002; Colditz, 2008), which are reviewed in the following 
section.
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2.2. Factors affecting sheep response to nematode infection
Two terms have been used to describe the response of the host to parasitic 
infections, resistance and resilience. Resistance has been used to define the ability o f the host 
to initiate and maintain immune responses in order to limit larval establishment and the 
longevity or fecundity of adult worms since, in the main, resistance has been judged by the 
host’s ability to limit faecal egg count (Woolaston and Baker, 1996; Baker, 1998; Coop and 
Sykes, 2002). Resilience has been used to describe the ability of an animal to function or 
maintain normal productivity in the face of larval challenge or nematode egg count in faeces 
(Woolaston and Baker, 1996; Baker, 1998; Coop and Sykes, 2002). However, with the 
increasing knowledge of the nutritional implications on infection, the above definitions 
cannot be independent and may well prove to be unhelpful (Sykes and Coop, 2001).
Attributes of the host and the environment that influence both the strength of an 
immune response (i.e. resistance) and the outcome of an infection (i.e. resilience) include 
genotype, age, gender, passive immunity, prior exposure to the pathogen, capacity to recall 
the antigen, concurrent infections, physiological status, nutritional status, day length and 
presence of concurrent stressors (Colditz, 2008). O f these attributes, the most relevant for the 
purposes of the present thesis is host genotype (i.e. production potential or genetic 
resistance), and host nutrition, both of which are described below.
2.2.1. Host genotype
It has been recognized for many years that different breeds of sheep vary in their 
resistance to nematode infection. The variation in resistance to infection between breeds is 
very likely to be associated with the variation in breed production potential (McEwan et al., 
1992; Morris et al., 1996; Bisset et al., 2001), although, it appears to be no general
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relationship between resistance to parasites and productivity within a breed (Bishop and 
Stear, 1999). In a comprehensive review, Rauw et ah, (1998) presented more than a hundred 
references on undesirable correlated effects of selection for high production efficiency, with 
respect to increased immunological susceptibility and other physiological and behavioural 
problems in livestock production systems. Evidence for such effects in gastrointestinal 
infections in sheep can be observed from breeds that have been selected for increased growth 
rates or fleece weight and have been found to have higher FEC than randomly bred animals 
(McEwan et al., 1992, Morris et al., 1996, Bisset et ah, 2001). In addition, breeds of sheep 
showing resistance to nematode infection often display a reduced PPRI when compared with 
susceptible or unselected sheep (Barger, 1993). For example Courtney et al., (1984) reported 
differences between the extent of the PPRI in exotic breeds when compared with the PPRI in 
US domestic breeds. This, reflected differences between breeds in resistance to both existing 
and newly acquired infections. A difference in the extent of the PPRI between Merino and 
Merino X Border Leicester ewes was also noted by Donald et al., (1982) with Merinos being 
more susceptible. Conversely however, the tropical breeds that have been shown to be 
substantially more resistant to gastrointestinal nematodes than European breeds, when 
compared under the same conditions, tend to be less productive in temperate countries 
(Woolaston and Baker, 1996; Bisset et al., 2001).
In practice, increased resistance would be expected to lead to improved resilience or 
performance in the face of incoming larval challenge (Bishop and Stear 1997). In this 
respect, simulation of the epidemiological relationships between productivity and resistance 
to gastrointestinal nematodes in young lambs estimated that the reduced pasture 
contamination as a result of selecting animals with a low FEC would result in large increases 
in bodyweight gain and a favourable (negative) genetic correlation between FEC and 
bodyweight (Bishop and Stear 1997). However, selection studies for improved resistance 
have generally not resulted in increases in resilience (McEwan et al., 1997; Williamson et
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al., 1995; Morris et aL, 1997). For example Morris et al., (2000) have found that 
performance of reproductive ewes has been only slightly increased or not increased at all 
(Morris et al., 1997) in breeds selected for low FEC. In addition, selection for low FEC 
affected negatively the efficiency of bodyweight gain in post-weaning lambs (Watson et al., 
1992; Morris et al., 2000; Bisset et al., 2001).
Comparison of immune function between breeds that have been selected for genetic 
resistance with unselected breeds suggests that the genetic variation in response to infection 
is likely the result of the mechanisms that regulate the prioritization of nutrient use between 
immune defence and production traits (Coop and Kyriazakis, 1999; Sykes and Coop, 2001; 
Colditz 2002; Colditz 2008; Greer, 2008). This is not surprising given the evidence that 
genetically resistant sheep have greater numbers of mast cells and globule leucocytes in the 
abomasal and intestinal mucosa (Stankiewicz et al., 1995; Douch et al., 1996) and greater 
production of parasite specific immunoglobulins during infection with the intestinal 
nematodes (Pernthaner et al., 2005, 2006), components that are proteinaceous in nature 
(Bown et al., 1991; Sykes and Coop, 2001).
The accumulating evidence that breed production efficiency is negatively correlated 
with the host resistance (i.e. ability to initiate and/or maintain immunity) to infection and the 
finding that anorexia following nematode infection is a direct result of the immune response 
to infection (Greer et al., 2005), suggests that differences in the magnitude of anorexia 
between breeds that differ in their production potential are expected. In a recently developed 
model Sandberg et al., (2006) postulated that susceptible to infection genotypes will show a 
greater reduction in food intake during the course of a primary nematode infection than 
resistant genotypes. However, experimental evidence for this assumption has not been 
provided yet.
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2.2.2. Host nutrition and its interaction with genotype
It has long been recognized that nutrition can influence the outcome o f exposure of 
sheep to nematode parasites (Gibson 1963), although only during the last twenty years 
research activity in this area has established that nutrition enhances host resistance and 
resilience to gastrointestinal infections (Coop and Holmes, 1996; Coop and Kyriazakis, 
1999; Sykes and Coop, 2001). This is mainly mediated through acquired immunity, and thus 
nutrition has the potential to affect the rate of acquisition and/or the degree of expression of 
immunity (van Houtert and Sykes, 1996; Kyriazakis and Houdijk, 2006). Most research into 
the effects of nutrition on immunity to gastrointestinal nematodes in sheep has concentrated 
on metabolizable protein (MP). This seems sensible because many components of the 
immune effector responses are highly proteinaceous in nature (Bown et al., 1991; Coop and 
Holmes, 1996; Sykes and Coop, 2001). In addition, damaged epithelial cells and losses of 
plasma and extracellular fluids as a result of the activity of the established nematodes in the 
gut have to be replaced, imposing an increased cost of protein synthesis (Sykes and Coop, 
2001). Consequently, the proteinaceous nature of the immune response and the maintenance 
and/or restoration of tissue integrity and function impose an increased protein demand for the 
host, especially in the view of the reduced food intake as result of infection (Coop and 
Holmes, 1996; Coop and Kyriazakis 1999; Sykes and Coop, 2001). The immune system, like 
any bodily function, would also have requirements for energy and micronutrients like 
vitamins and minerals, and increased availability of each of these resources can be expected 
to improve immunity to gastrointestinal nematodes provided that they are first limiting 
(Kyriazakis and Houdijk, 2006). However, the focus of the current section will be on the role 
of MP nutrition on immune response against gastrointestinal nematodes; moreover, moderate 
changes in energy nutrition do not appear to greatly affect gastrointestinal parasitism (Bown 
et al., 1991; Donaldson et al., 1998)
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Effects of MP supply on resistance to gastrointestinal nematodes can be viewed 
within a nutrient-partitioning framework, which accounts for the partitioning of nutrients 
between somatic tissue and the immune system during different phases of the growth cycle 
(Coop and Kyriazakis, 1999). From the available information in the literature, the framework 
argues that the poor growth of lambs during early infection occurs because acquisition of 
immunity is more important for survival and would have priority over gain in body protein 
and hence the high susceptibility to infection. The partitioning framework suggests that 
responses of the immune system to protein supplementation would be small during this early 
acquisition phase but would be more apparent later in a parasitic infection, when the host is 
expressing a degree of immunity. In contrast, in the reproductive female it appears that 
immunity is foregone in the interests of reproduction (Coop and Kyriazakis, 1999)
With regards to the effect of protein supplementation during the early acquisition 
phase, evidence in the literature supports the view that protein supplementation enhances the 
rate the animal can “acquire” and the degree it can express immunity against a parasitic 
challenge, rather that it influences initial parasite establishment in naive sheep (Coop and 
Holmes, 1996; Coop and Sykes, 2002). For example, Abbott et al., (1988) showed that FEC 
of an established H. contortus infection could be reduced by approximately 30% when sheep 
were fed a high-protein diet (169 g CP kg-1 dry matter (DM)) in comparison with animals 
offered a low-protein ration (88 g CP kg-1 DM). In addition, approximately three times as 
many worms were recovered at post-mortem from the sheep that were offered the low- 
protein ration (Abbott et al., 1988). Experimental studies with T. colubriformis infection in 
growing sheep have demonstrated that provision o f additional protein, either as a direct 
infusion into the abomasum (Bown et al., 1991) or fed as a dietary supplement (Kambara et 
al., 1993; van Houtert et al., 1995), can lower the fecundity and/or increase the rate of 
expulsion of parasites from the host. The decrease in FEC or in the apparent rate of worm 
expulsion appears to be influenced by the level of protein supplementation offered (van
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Houtert et al., 1995; Van Houtert and Sykes, 1996). Enhanced immune expression in 
response to protein supplementation has also been reported in studies with T. circumcincta 
(Coop et al., 1995) and mixed T. circumcincta and T. colubriformis infections, (Smith et al.,
1996). In the study, of Coop et al., (1995), the development of immunity was assessed by 
observing trickle-infected lambs, supplemented with bypass protein for 8 weeks. Animals 
were then treated with anthelmintic and given a single challenge dose of T. circumcincta 
larvae. Supplemented animals had lower worm burdens, increased globule leukocyte and 
mucosal mast cells numbers, higher concentration of mast cell proteases and a significantly 
higher proportion of inhibited larval development, allowing the authors to conclude that the 
provision of by-pass protein accelerated the development o f immunity in these lambs (Coop 
et al., 1995).
The beneficial effects of protein supplementation on the degree of the acquisition of 
immunity in parasitised lambs are likely to be more pronounced in breeds that are more 
susceptible to infection (Coop and Holms, 1996). Considerable evidence in support of this 
view comes from the studies of Abbott et al., (1985) which compared Finn-Dorset and 
Scottish Blackface lambs that are known to differ in their susceptibility to H. contortus 
infection (i.e. Finn-Dorset being more susceptible; Altaif and Dargie, 1978). The results 
indicated an additive detrimental effect of genetic susceptibility and poor diet but also 
showed that the expression of genetic superiority in terms of disease resistance was not 
compromised by poor protein nutrition. A similar study using lambs of a relatively resistant 
breed, Scottish Blackface, showed that within this breed protein supplementation did not 
influence the FEC and worm burdens whilst in the lambs of the susceptible breed 
(Hampshire Down lambs) the higher protein diet (173 g CP/kg DM vs. 98 g CP/kg DM) did 
reduce the FEC (Wallace et al., 1996). These results clearly show that the benefits of a 
superior genotype are not lost on a low protein diet whilst a high protein diet can help 
overcome the disadvantages of an inferior genotype (Coop and Holmes, 1996).
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In the case of the periparturient relaxation of immunity (PPRI) results of several 
studies support the view that the occurrence of PPRI has a nutritional basis (Coop and 
Kyriazakis, 1999). An experiment undertaken by Donaldson et al., (1998) demonstrated that 
protein supply appears to be more important than energy supply in the host- parasite 
interactions in the ewe, a finding similar to that reported for young growing animals (Bown 
et al., 1991). Subsequent studies showed that supplementation with protein in late pregnancy 
or early lactation or both can reduce the faecal nematode egg output and/or worm burdens in 
ewes (Donaldson et al., 2001; Houdijk et al., 2000, 2001a; Kahn et al., 2003), goats (Chartier 
et al., 2000) and rats (Houdijk et al., 2005a), while protein scarcity exaggerates the extent of 
PPRI. The relaxation of immunity is influenced by nutritional demand, being greater in ewes 
carrying or rearing twin lambs compared with singles (Houdijk et al., 2001b), and that the 
response will be moderated by the extent of body protein reserves (Houdijk, et al., 2001a). In 
addition, the breakdown of immunity was reversed when the reproductive effort of the dam 
was reduced, by the removal of one of the lambs (Houdijk et al., 2006). These data and those 
from recent experiments in rats (Houdijk et al., 2003, 2005a) support the view that an 
increase in MP supply or a reduction in MP demand can ameliorate PPRI to T. circumcincta 
during periods when there is a scarcity of MP. However, in contrast to studies with growing 
lambs, the interactions between nutrition and genotype in breeding ewes have been not 
studied extensively and these interactions merit further research (Kahn et al., 2000; Coop and 
Sykes, 2002). In addition, whether protein supplementation can affect the degree of anorexia 
in nematode infected ewes during the periparturient period in a similar way to its effects on 
PPRI it is not known.
Nevertheless, despite the view that sheep response to gastrointestinal parasitism is 
influenced by the host genotype, nutrition and their interactions, the underlying mechanisms 
responsible for the occurrence of anorexia are not yet fully understood. In an attempt to 
elucidate the mechanism responsible for the occurrence of anorexia in sheep following
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nematode infections, the present study investigates the implication o f the adipocyte hormone 
leptin. Thus, the role of leptin in the regulation of food intake and immunity is reviewed in 
the next section.
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2.3. The role of leptin in inununity and food intake regulation
General. The discovery of the ob gene and its encoding protein leptin (Zhang et al.,
1994), has renewed the interest in the regulation of food intake and how intake is integrated 
with metabolism, accumulation o f body energy stores, reproduction and immunity (Friedman 
and Halaas, 1998; Flier, 1998; Ingvartsen and Boisclair, 2001; La Cava and Matarese, 2004; 
Tolkamp et al., 2007). Leptin is mainly produced by the cells of the adipose tissue and, at 
lower levels, by tissues such as stomach, skeletal muscle, placenta and mammary gland 
(Friedman and Halaas, 1998; Chilliard et al., 2001; Chilliard et al., 2005). Based on anatomic 
and functional data, it appears that leptin exerts its effects on food intake regulation and 
energy balance mainly by acting in the brain, as leptin receptors are abundantly present in 
the hypothalamic regions in humans, rodents (reviewed by Ahima and Flier, 2000) and sheep 
(Thomas et al., 2001). However, short leptin receptor isoforms are expressed in peripheral 
tissues, such as kidney, liver, lung, and gonads, where they may serve a transport and/or 
clearance role (Ahima and Flier, 2000). Total leptin deficiency, although very rare, causes 
severe obesity in both rodents (Zhang et al., 1994) and man (Montague et al., 1997); 
administration of recombinant leptin reduces food intake and body weight o f leptin-deficient 
(ob/ob) and diet-induced obese mice but not in leptin-resistant (db/db) obese mice 
(Campfield et al., 1995). The fact that the initial leptin’s function appeared to be resisting 
obesity and promoting leanness led to the choice of the name “leptin” (Campfield et al.,
1995), from the Greek root leptos, meaning thin.
The biology of leptin has been studied extensively in rodents and humans (Friedman 
and Halaas 1998; Flier, 1998; Ahima and Flier, 2000; Faggioni et al., 2001; Matarese et al., 
2002; Kershaw and Flier, 2004; Fantuzzi, 2005; Maratos-Flier, 2008). The biology of leptin 
in domestic animals has been progressed less rapidly (Houseknecht et al., 1998; Ingvartsen
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and Boisclair, 2001; Chilliard et a l, 2001, 2005) due to difficulties encountered for the 
development o f specific tools to study leptin gene expression and plasma leptin variations in 
ruminants (Chilliard et al., 2001; Chilliard et al., 2005). Preliminary results for plasma leptin 
concentrations in ruminants were obtained by the use of a commercial “multi-species” RIA 
kit (e.g.: Bocquier et al., 1998; Chilliard et al., 1998; Soliman et al., 2001). However, the 
multi-species commercial RIA kit provided estimates of plasma leptin in sheep and cattle 
that are low and unresponsive to changes of nutrition or adiposity (Bocquier et al., 1998; 
Chilliard et al., 1998; Ehrhardt et al., 2000). Ruminant specific RIAs, and in particular ovine- 
specific RIAs for leptin determination have been developed since 2000 (Delavaud et. al., 
2000; Marie et. al., 2001; Ehrhardt et al., 2000; Blache et. al., 2000). The slow rate of 
development of ovine specific RIAs seems to be due to the low immunogenicity of ruminant 
leptin, since efficient antibodies were obtained either in rabbits or in birds immunized with 
high doses of recombinant ruminant leptin during several months (Chilliard et al., 2005; Dr. 
Alastair Wylie, personal communication). Thus, the role of leptin on nutritional behaviour 
and particularly on the immune response in farm animals has not yet been adequately 
investigated (Ingvartsen and Boisclair, 2001; Kulcsar et al., 2005). In this section, the 
available literature on the biology of leptin in ruminants, with special focus on the food 
intake regulation and immune responses in sheep, is reviewed. However, because in many 
instances information from ruminant studies is not available the review includes examples 
from rodent and human studies as well.
2.3.1. Effects of body fatness and food intake on leptin production
Leptin synthesis is influenced by the status of energy stores in fat, as evidenced by 
increased adipose ob mRNA expression and plasma leptin concentrations. Adipocyte size is 
an important determinant o f leptin synthesis, as larger adipocytes secrete more leptin than 
smaller adipocytes in the same individual (Ahima and Flier, 2000). Plasma concentrations of 
leptin correlate with body fatness in all species studied to date, including humans (Considine
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and Caro, 1996), rodents (Maffei et al., 1995), sheep (Blache et al., 2000; Delavaud et al., 
2002, Tokuda et al., 2003), cattle (Ehrhardt et al., 2000; Ren et al., 2002) and camel 
(Chilliard et al., 2005). The interactions between body fatness and breed on leptin production 
has not been studied extensively in sheep, but available studies from beef and dairy cattle 
suggest that breed differences in body fatness are positively associated with breed 
differences in leptin mRNA expression in adipose tissue, with leaner breeds having lower 
plasma leptin concentrations (Ren et al., 2002; Higashiyama et al., 2003; Bellmann et al., 
2004). However, Delavaud et al., (2002) showed that in cattle, breed differences in plasma 
leptin concentrations disappear when leptin values are corrected for individual differences in 
subcutaneous adipocyte size, suggesting that plasma leptin reflects primarily differences in 
body fatness (Chilliard et al., 2005).
Plasma concentration of leptin is also affected by acute changes in food intake. In 
rams, complete food deprivation causes a rapid fall in plasma leptin concentrations which are 
positively associated with plasma insulin, and negatively correlated with non-esterified fatty 
acids (NEFA), both between meals and during fasting (Marie et al., 2001). Long-term 
restricted feeding decreases the plasma leptin concentration in adult ewes (Delavaud et al., 
2000), adult rams (Blache et al., 2000), pregnant ewes (Thomas, et al., 2001), and lambs 
(Morrison et al., 2001; Ehrhardt, et al., 2000). Contrary to observations in rodents (Ahima 
and Flier, 2000) plasma concentration of leptin did not change (Blache, et al., 2000) or 
increased only slightly (Marie et al., 2001; Kadokawa et al., 2003) within a few hours after 
meal intake in sheep. Nevertheless, circulating leptin levels changed within 48 hours, in 
parallel with the changes in dietary intake (i.e. from moderate to high, or high to moderate) 
in pregnant ewes (Thomas, et al., 2001). Furthermore, the concentration of leptin in plasma 
increased approximately two-fold within 5 days after increasing the plane of nutrition in 
adult rams (Blache et al., 2000) and cattle (Delavaud et al., 2002). However, in evaluating 
the consequences of feeding level on plasma leptin concentration, it is important to consider
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the duration of the treatment as differences in plane of nutrition eventually will create 
differences in body fatness (Delavaud et a l ,  2000; Ehrhardt, et al., 2000). In general, plasma 
leptin response to feeding level is strongly dependent on body fatness (Chilliard et al., 2005). 
In Scottish Blackface ewes the effect o f fasting (for 48 hours) was twice as great in very fat 
than in moderately fat animals (Daniel et al., 2002). Similarly, no effect of fasting (for 32 
hours) was observed on plasma leptin concentrations in lean (15% lipids per BW) contrary to 
fat (35% lipids per BW) ewes (Henry et al., 2004). In growing sheep, leptin secretion was 
highly sensitive to feeding level, but again this effect was thrice as great in lambs with 15% 
compared to 5% lipids per BW (Ehrhardt, et al., 2003). It has been therefore suggested that 
long-term effects of feeding factors are predominant (probably via body fatness) on leptin 
expression in ruminants and interact with mid/short-term effects (Chilliard et al., 2005).
It is frequently repeated throughout the literature that leptin has satiety effects. 
Administration of leptin reduces food intake and increases energy expenditure in several 
animal models. For example both central (intracerebroventricular) and peripheral injections 
of recombinant leptin reduce food intake and increase energy expenditure in ob/ob mice 
(Campfleld et al., 1995; Pelleymounter et al., 1995) and in'wild-type rodents (Barrachina, et 
al., 1997), but also in monkeys (Tang-Christensen et al., 1999) and pigs (Bard et al., 1998) in 
a dose-dependent manner. However, it is of interest that leptin intracerebroventricular 
injection inhibits food intake and decreases adiposity more potently than peripheral leptin 
administration, which is probably due to the higher expression of leptin receptors in the 
hypothalamus rather than in peripheral tissues (Ahima and Flier, 2000). As in other species, 
the clear anorexic effects of leptin are observed in ruminants also by administration of 
recombinant leptin. In ovariectomized ewes, administration of human leptin for 3 days 
decreased the voluntary dry matter intake to approximately a third of the preinfusion intake 
(Henry et al., 1999). Similarly, lambs that were centrally administrated with leptin exhibited 
anorexia (Morrison et al., 2001), however, the anorexigenic effects of leptin were lost when
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growing and adult sheep were fed restrictedly (Morrison et al., 2001; Henry et a l ,  2001). 
Although it is well established that leptin has clear anorexic effects and its concentrations in 
plasma are highly correlated with the body fat mass and the plane of nutrition in mammals, 
leptin secretion interacts also with a variety of other factors. The most relevant to the 
purpose of the present thesis are that of the immune response to infection, which is described 
below.
2.3.2. Leptin, immune response and anorexia
Recent evidence has shown that leptin plays an important role in the regulation of 
immune responses (La Cava and Matarese, 2004; Fantuzzi, 2005; Matarese et al., 2005), in 
addition to its role in food intake inhibition and stimulation of energy expenditure. Leptin is 
a member of the helical cytokine family with a structure resembling the cytokines IL-2, IL-6, 
and IL-15 (Faggioni et al., 2001; Matarese et al., 2002). In addition, the leptin receptor is a 
cytokine receptor and belongs to the class I cytokine receptor family that includes the 
common signal-transducing component for the IL-6-related family of cytokines (Faggioni et 
al., 2001; Matarese et al., 2002). This section reviews the existing evidence from murine and 
farm animal studies on the role of leptin in the regulation of immune responses and anorexia.
A number of studies in mice have shown that leptin affects both innate and adaptive 
immunity and this effect of leptin appears to be both direct and indirect, i.e., via modulation 
of central or peripheral pathways (Matarese et al., 2002; La Cava and Matarese, 2004). 
Leptin deficiency increases susceptibility to infectious and inflammatory stimuli and is 
associated with dysregulation of cytokine production (Faggioni et al., 2001). Experimental 
evidence on leptin implication in adaptive immune response comes from the study of Lord et 
al., (1998). This study showed that fasting induced immuno-suppression can be abolished by 
an increase in blood leptin (i.e. leptin administration), which shows the importance of high 
blood leptin for the immune response. In addition, studies from rodents and humans have
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established that leptin promotes the activation of phagocytosis by monocytes and enhances 
the secretion of pro-inflammatory cytokines such as IL-6, IL-2 and TNF-a, important 
mediators of the APR and stimulates expression of adhesion molecules (La Cava and 
Matarese, 2004). These products are all involved in the regulation of inflammation and 
therefore markedly influence the immune response (La Cava and Matarese, 2004). 
Furthermore, plasma leptin concentrations are acutely increased by inflammatory and 
infectious stimuli such as lipopolysaccharide (LPS), turpentine, and cytokines (Grunfeld et 
al, 1996; Faggioni et al., 1998) and the increase in leptin production during local and 
systemic inflammation is modulated in a manner similar to the cytokine response to infection 
and injury (Faggioni et al., 2001). In experiments with nematode infected rats, Roberts et al., 
(1999) have suggested Nippostrongylous brasiliensis infection results in elevated leptin 
concentrations during the first 48 h of infection. Similarly, Mercer et al., (2000) observed 
that elevated leptin concentrations occurred only in those rats with a continuing infection, 
and were not observed in uninfected controls. Increased leptin levels also occur during 
experimental peritonitis in mice (Moshyedi et a l, 1998) and in Escherichia coli intestinal 
infection in rats (Barbier et a l, 1998). In the majority o f these studies there was an 
undoubted positive correlation between the elevated circulating leptin levels and reduced 
intake, thus a role for leptin in the anorexia of infection was proposed (Barbier, et a l, 1998; 
Grunfeld et a l, 1996; Sarraf et a l, 1997; Mercer et a l, 2000; Niswender et a l, 2001). 
However, on a per gram basis, leptin has been shown to be more weakly anorexigenic than 
IF-a, IL-lb, and TNF-a as these cytokines produced anorexia o f greater magnitude with 
lower doses (Faggioni et a l, 1997; Kaibara et a l, 1998). Currently, it is unclear if and to 
what extent leptin participates in the anorexia of infection in ruminants, since leptin’s role in 
the regulation of immunity during infectious diseases has been studied less extensively in 
farm animals. Even less studies are available about the role of leptin on the gastrointestinal 
parasitism of ruminants.
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In lactating dairy cows, experimental endotoxin or natural outbreak of mastitis do 
not result in systematic and acute change in plasma leptin concentrations within 72 hours 
following infection (Kulcsar et ah, 2005; Soliman et ah, 2002). Similarly, acute puerperal 
metritis did not alter plasma leptin concentrations in dairy cows (Kulcsar et ah, 2005). These 
results are in contrast with those found in laboratory rodents and primates, allowing the 
authors to conclude that the profile (and possibly the regulation) of endotoxin-induced leptin 
is probably species-related. Soliman et ah, (2001) also showed that intravenous challenge 
with endotoxin failed to elevate plasma leptin concentrations in sheep, in spite of the marked 
anorexia and fever observed. Plasma leptin concentrations did not differ also between 
controls and 5. typhimurium-infected pigs (Jenkins et ah, 2004). Barb et ah, (2001) studied 
the effects of acute endotoxin challenge in ad libitum fed pigs, thereby removing potential 
confounding effects of fasting on leptin expression and immune suppression. These authors 
concluded that leptin regulation in infected animals is under the control o f two major 
opposing mechanisms: stimulation by inflammatory mediators, and inhibition due to 
inflammation-induced changes in energy metabolism (i.e. anorexia) and related hormones 
such as insulin. A similar mechanism may be operating during the gastrointestinal infections 
in sheep (Kulcsar et al., 2005). The study o f Valderrabano, et ah, (2006) suggests that leptin 
may be involved in the protective immune reactivity in periparturient ewes, but these results 
are not supported by those from Fox et ah, (2006) in infected lambs. Although these studies 
are the first to test hypotheses in relation to plasma leptin concentrations during the 
gastrointestinal parasitism of sheep the results are difficult to interpret because of the 
absence of non-infected controls animals. In addition, there are no available studies on 
whether leptin is implicated in the parasite-induced anorexia in sheep. The possibility that 
the leptin is involved in the development of immunity and anorexia in parasitised sheep 
requires further investigation.
32
2.4. Objectives of the thesis
The present thesis used in vivo experimentation to test the interactions between 
genotype, immune status and nutrition on the consequences o f the gastrointestinal parasitism 
of sheep, with special focus on the occurrence of anorexia. So far, grazing and indoors 
experiments have established that anorexia is a prominent feature of parasitic infections 
especially in previously naïve young lambs, but information on whether breeds differ in the 
magnitude o f anorexia following infection, and whether anorexia occurs following re­
exposure to infection is not available. With regards to the reproductive ewes, although the 
phenomenon of the periparturient relaxation of immunity (PPRI) is well established, there is 
scant evidence whether periparturient ewes show anorexia, and more interestingly, whether 
the degree of anorexia is affected by the dietary protein supplementation, which has been 
shown to reduce the extent of PPRI. The thesis examines how breeds of sheep that differ in 
their production potential respond in terms of anorexia, following a primary (previously 
naïve lambs) and/or a secondary infection (previously infected lambs or ewes) with the 
nematode T. circumcincta; and how protein nutrition affects the degree of anorexia in those 
breeds. It should be noted that an early occurrence of anorexia in sheep following 
experimental infection was preferred. This was because the hypotheses are related not only 
to the degree of anorexia in terms of magnitude but also in terms o f duration. Thus, because 
anorexia occurs earlier in T. circumcincta infections, this parasite model was considered 
more appropriate for testing the hypotheses of the present study and was used throughout the 
experiments of the thesis.
The aim of this thesis is also to provide further knowledge on the role of leptin on 
the sheep response to nematode infections and therefore the thesis examines the possible 
implication of the hormone leptin in the development or expression of immunity in
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parasitised sheep following infection with nematodes. In order to address the hypotheses 
developed for the effect of infection in plasma leptin concentrations, the experiments used a 
novel design which accounted for confounding effects of nutrition and/or body fatness 
between the infected and the control animals.
The specific hypotheses that have been tested in this thesis are described in details in 
each chapter, respectively. However, the overall adjectives of the present thesis can be 
summarised as follows:
1. To investigate whether breeds of different intrinsic capacity for growth
differ in the magnitude and/or duration of anorexia following a primary 
infection with T. circumcincta.
2. To examine whether a secondary nematode infection results in renewed
anorexia in lambs following re-exposure to infection; and whether breed 
differences are as apparent as during the primary infection.
3. To investigate whether or not ewes develop anorexia during the
periparturient relaxation of immunity and whether the degree of 
anorexia is affected by breed; to examine whether protein nutrition can 
affect the degree of anorexia.
4. To test whether or not gastrointestinal infection with nematodes results
in elevated plasma leptin concentrations in sheep during the acquisition 
or expression of immunity.
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CHAPTER THREE
Changes in food intake and circulating leptin due to 
gastrointestinal parasitism in lambs of two breeds
*This chapter has been adapted for publication as:
K. Zaralis, B. J. Tolkamp, J. G. M. Houdijk 1, A. R. G. Wylie, I. Kyriazakis (2008) Changes 
in food intake and circulating leptin due to gastrointestinal parasitism in lambs of 
two breeds. Journal of Animal Science, 86: 1891-1903.
3.1. Abstract
A reduction in food intake is a prominent feature of many infectious diseases. 
However, the underlying mechanisms of parasite-induced anorexia in sheep are poorly 
understood. This study tested the hypotheses a) that the degree of parasite-induced anorexia 
in lambs is influenced by their growth potential and b) that nematode infection results in 
elevated plasma leptin concentration in lambs. The hypotheses were tested with Suffolk x 
Greyface (S) and Scottish Blackface (B) lambs that are known to differ in their growth 
potential (S lambs are of higher growth potential than B lambs). During a primary parasite 
infection, 24 out of 48 lambs per breed were trickle infected with 7,000 infective 
Teladorsagia circumcincta larvae per day, 3 days per week, for a period of 12 weeks 
(experiment I). The lambs were then de-wormed and after a 2 week interval, half of the 24 
lambs per breed that were previously infected were re-infected for another 12 weeks with the 
same parasite and dose as used in the primary infection (experiment II). In both experiments, 
infected lambs were fed grass pellets ad libitum while non-infected lambs were fed grass 
pellets either ad libitum or restrictedly. Lambs of the S breed, were more susceptible than B 
lambs to nematode infection as judged from the differences in fecal egg counts (P  = 0.007). 
Parasitized lambs o f the more susceptible breed (S) showed anorexia, i.e. a decrease in intake 
of 13% compared to uninfected controls (P  = 0.01), while no significant reduction in food 
intake was observed in lambs of the more resistant breed (B). Re-exposure to nematode 
infection of previously infected animals tended to result in renewed anorexia in S lambs but 
not in B lambs (P  = 0.08) in a similar extent as during primary infection. Plasma leptin 
concentrations did not differ between ad libitum fed infected and control lambs, but were 
higher in infected than in non-infected lambs at a similar level of food intake during both the 
primary (P  = 0.02) and the secondary parasitic infection (P  = 0.004) in both breeds. The
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results show that leptin may be involved in the response of lambs to infection, but that it is 
unlikely that leptin alone is responsible for the parasite induced anorexia in lambs.
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3.2 Introduction
Anorexia associated with gastrointestinal nematode infections has a significant 
impact on productivity in livestock grazing systems. However, the underlying mechanisms 
that induce and maintain anorexia in infected sheep remain unclear. The recent literature 
suggests that anorexia following nematode infection in lambs is likely to be related to the 
development of the immune response (Greer et al., 2005). Recent evidence from studies in 
rodents indicates that the adipocyte hormone leptin plays an important role in the regulation 
of immune responses. Plasma leptin concentrations (PLC) are associated with ADFI (Henry 
et al., 1999) but also increase during infection and inflammation in many models of disease 
(Faggioni et al., 2001). Whether PLC increase during nematode infections in sheep, and if 
such increases in leptin are associated with parasite-induced anorexia, is not known.
Sandberg et al. (2006) postulated in a recently developed model that a genotype 
more susceptible to parasitic infection, as assessed by fecal egg count (FEC), is likely to 
exhibit a higher degree of anorexia compared to a resistant genotype. Host immune 
responses to infection can be compromised by the needs for maintenance and growth (Coop 
and Kyriazakis, 1999) and, therefore, differences in resistance to nematode infection can be 
expected between breeds that differ in their intrinsic capacity for growth. However, whether 
breeds of sheep that differ in their growth potential differ also in the degree of anorexia 
following infection is not known.
In the current study the following hypotheses were tested i) nematode infection will 
result in a greater extent and longer duration of anorexia in lambs of high growth potential 
than in lambs of lower growth potential and ii) infected lambs will have elevated PLC
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compared to non-infected lambs at a similar level of food intake. Both hypotheses were 
tested during a primary and a secondary trickle infection in two consecutive experiments.
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3.3 Materials and Methods
The experiments took place at the facilities of the Scottish Agricultural College after 
approval of the experimental protocol by the Animal Experiments Committee (ED 
AE07/2004) and under Home Office license for experimental infection and blood sampling 
(PPL 60/3004).
3.3.1 Experiment I (Primary Infection)
Animals, husbandry procedures and housing. Ninety-six weaned lambs, 48 Suffolk 
x Greyface crosses (S) and 48 Scottish Blackface (B) were used. The lambs were 
approximately twelve weeks o f age and half of them were male and half female within each 
breed. All lambs were born indoors and, soon after birth, were transferred along with their 
mothers (as a single flock) onto a pasture which was newly ploughed and seeded and had 
never been grazed before in an attempt to maintain it parasite-free. Before lambing the ewes 
had been orally drenched with a combination of fenbendazole (Panacur 10 %; Hoechst 
Roussel Vet Ltd, Milton Keynes, Bucks., UK) at a rate of 0.2 mL/kg BW and levamisole 
(Nilverm Gold, Schering-Plough, Welwyn Garden City, UK) at a rate of 7.5 mg/kg BW, to 
remove worm burdens and ensure that lambs would not become infected from contact with 
the ewe derived parasites deposited onto the pasture. The lambs remained on this pasture 
until weaning at around 10 weeks of age. After weaning, the lambs were brought into a 
naturally illuminated and ventilated shed and housed in individual pens, measuring 2.0 by
1.5 m, until the end of the experiment. All pens contained a food trough that allowed 
measurement of individual ADFI and a water bowl that gave animals continuous access to 
water. Fresh food was supplied in 2 daily portions (early morning and late afternoon). Lambs 
were acclimatized for a period of 3 weeks prior to the start of experimental observations. At 
the end of this period, S and B lambs had mean initial BW of 30.1 ± 0.32 kg and 21.3 ± 0.43
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kg, respectively. Four additional wether sheep were housed separately and used as larvae 
donors during the experiments.
Experimental design. Lambs were assigned randomly to treatments on the basis of 
their breed, sex and initial BW, ensuring an equal number of males and females of similar 
BW within both breeds on each treatment. To ensure the availability of sufficient animals for 
the re-infection experiment (see below), half of all lambs (24 of each breed) were assigned to 
the infection treatments. O f the remaining control lambs, half (12 of each breed) were fed ad 
libitum to allow estimation of anorexia in infected lambs. To measure effects of ADFI on 
PLC, the remaining control lambs were assigned to 1 of 3 restricted feeding levels (4 lambs 
of each breed per feeding level). All lambs in the infection treatment (treatment INF) were 
dosed with 7,000 infective third-stage Teladorsagia circumcincta larvae (L3) every Monday, 
Wednesday and Friday. The trickle infection started on day 0 and ceased after twelve weeks 
(d 84). Each infective dose was suspended in 10 mL of water and was administered orally 
using a syringe. The L3 originated from an anthelmintic susceptible strain, which had been 
donated by the Moredun Research Institute (Edinburgh, UK). Larvae were harvested every 
14 days from faeces of a monospecifically infected donor sheep using a standard Baerman 
procedure. Following harvesting, L3 were stored at 4 °C in tap water (700 L3/mL) and used 
within 3 weeks of collection. All control lambs were given a similar volume of water 
(“sham” infection) at the same time, thus undergoing the same amount o f handling stress as 
the infected animals. On day 84, INF lambs were drenched with a combination of 
fenbendazole and levamisole (same dose as above), to remove worm burdens. These lambs 
remained in the shed and were used in experiment II, while non-infected lambs were 
returned to stock. Lambs received grass pellets with an average composition per kg as-fed of 
935g DM, 186g CP, 516g NDF and 9.5 MJ metabolisable energy according to feed supplier 
analyses. Infected lambs were fed ad libitum throughout the experiment while non-infected 
lambs were fed either ad libitum (treatment C^; n = 12) or, restrictedly, at 90% (treatment
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c 90; n = 4), 80% (treatment C80; n = 4) or 70% of ad libitum (treatment C70; n = 4). For the 
first 3 weeks of dietary restriction, food allowances for each of the restricted treatments were 
calculated using the ad libitum intake of each individual animal recorded during the previous 
2 weeks. Thereafter, allowances were altered on a weekly basis so that the increase in intake 
by restrictedly fed animals was always proportional to the increase in intake relative to BW 
observed in Cai animals. The design of experiment I and the timing of the procedures are set 
out in Table 3.1. The design allowed measurement of the effects of nematode infection on 
voluntary ADFI by comparing ad libitum fed treatment groups, and on plasma leptin levels 
at similar intakes by including the data obtained from restrictedly fed lambs.
3.3.2. Experiment II (Secondary Infection)
Animals, housing and experimental design. Forty-eight of the previously infected 
lambs, 24 S and 24 B, were used in experiment II. At the start of the experiment all lambs 
were approximately 6 mo of age. There was a period of 2 weeks between the end of the 
primary infection study and the initiation of a secondary infection during which all lambs 
were fed ad libitum. At the end of this period, S and B lambs had mean BW of 50.2 ± 0.75 
kg and 37.6 ± 1.07 kg, respectively. To obtain a good estimate of the effects of re-infection 
on ADFI and PLC, 12 lambs of each breed were re-infected (treatment INF2) with the same 
parasite, dose and infection regime as described in experiment I and were fed ad libitum. 
Non-re-infected control lambs received a “sham” infection at the same time. Eight control 
lambs of each breed were fed ad libitum (treatment C2ai). The remaining control lambs in 
each breed (n = 4) were fed at 90% of ad libitum (treatment C290) to account for effects of 
variation in ADFI perse  on PLC. Treatments were balanced for breed, sex and initial weight 
as described previously. Experiment II lasted for 12 weeks and the experimental facilities 
and diets and infection details were identical to those used in experiment I. The design of 
experiment II and the timing of the procedures are set out in Table 3.1.
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Table 3.1. Summary o f  experimental design and timing of treatments for Experiment I and II
Treatments Timing of
Item
lambs' Food allowance Infection^ experimentaltreatments3
Experiment I 
(Primary infection) 
INF 48 Ad libitum + W kO to 12
cd 24 Ad libitum - Wk Oto  12
C90 8 90% of ad libitum - Wk 2 to 12
O co O 8 80% of ad libitum - W k 2 t o  12
C70 8 70% of ad libitum - Wk 2 to 12
Experiment I I 4 
(Secondary infection) 
INF2 24 Ad libitum + WkOto  12
C2al 16 Ad libitum - WkOto  12
0 2 % 8 90% o f ad libitum - Wk 2 to 12
1 H alf of the lambs in each treatment were Suffolk x Greyface lambs and half were Scottish 
Blackface lambs.
2 All lambs were given 10 mL of water orally, 3 times/week for 12 weeks, which did (+) or did not 
(-) contain 7,000 T. circumcincta larvae (i.e., 21,000 larvae/week). At the end o f each infection period 
(week 12) the lambs were de-wormed with a combination o f  levamisole at a rate of 0.2 mL/kg BW 
and fenbendazole at a rate o f 7.5 mg/kg BW.
3 Lambs allocated to the restrictedly fed treatments were fed ad libitum for the first 2 weeks o f the 
experiment.
4 Experiment II (secondary infection) started 2 weeks after the end o f Experiment I. All lambs 
included in Experiment II were allocated from the INF treatment in Experiment I.
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3.3.3. Sample Collection and Measurements.
In both experiments the measurements and procedures were carried out over similar 
time-scales using identical protocols.
Bodywelght and food intake measurements. All lambs were weighed once weekly 
from arrival in the animal house until the end o f each experiment. Amounts of distributed 
food (as-fed), were recorded daily and any accumulated residues were weighed twice weekly 
(Monday and Thursday). Voluntary ADFI was calculated from the weekly amounts of food 
offered and weekly refusals.
Fecal egg counts. For the fecal worm egg count (FEC) determination, a 5 to 10 g 
fecal sample was taken from the rectum of all the lambs at weekly intervals from day -10  
onwards during the entire experimental period. The individual fecal samples were processed 
immediately. The number of eggs per gram of fresh feces (epg) was determined using a 
modified flotation technique (Christie and Jackson, 1982), in which polyallomer centrifuge 
tubes (Beckman) were used to separate the egg bearing layer after flotation in saturated 
sodium chloride solution.
Blood samples. Weekly blood samples of around 8 mL were taken from the jugular 
vein into heparinized Vacutainers (Becton Dickinson, Oxford, UK) from housing until the 
end of each experiment. Blood samples were centrifuged for 15 min at 2,500 x g, and the 
plasma was separated and then stored at -  20°C pending analysis for leptin.
3.3.4. Leptin Radioimmunoassay (RIA)
A ruminant leptin RIA, developed at the Agri-Food and Biosciences Institute, 
Belfast, was used to determine PLC. This assay is a double-antibody, ovine-specific RIA
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developed using purified recombinant ovine leptin (a gift from Prof. A. Gertler of The 
Hebrew University of Jerusalem, Israel). This leptin was used for antibody generation in 
guinea-pigs and also for in-house production of radio-iodinated leptin (label).
Preparation o f  radio-iodinated leptin. Radio-iodinated leptin was prepared by 
iodination with sodium 125l-iodide (Amersham, Bucks, UK) using Iodogen coated tubes 
(Perbio Science, Northumberland, UK). To an Iodogen coated tube, 5 pL (500 pCi) of 
sodium 125I iodide solution and 70 pL of 0.1M tris-Cl buffer pH 6.8 containing 3 pg of 
recombinant ovine leptin were added in rapid succession. The contents of the tubes were 
gently mixed and the reaction was allowed to proceed for 3 min at room temperature with 
occasional gentle mixing until termination by addition of 500 pL phosphate buffered saline 
(PBS) with a pH of 6.8. The contents were then immediately transferred to a clean 
polypropylene tube. After 30 min, the diluted reaction mixture was applied to a pre­
calibrated 25mm x 500mm glass chromatographic column containing Sephadex G-75 
(Amersham Pharmacia Biochem, Bucks, UK) equilibrated in 0.05M PBS, pH 6.8, containing 
0.1% RIA grade bovine serum albumin (BSA; Sigma Chemical Co., Poole, Dorset, UK). The 
column was eluted using the same buffer and collecting 2 mL fractions. Aliquots of 5 pL of 
all fractions were counted for radioactivity in a Cobra II gamma counter (Packard Canberra 
Ltd., Berks, UK) and an overnight binding check (of labeled leptin to antiserum) was made 
on alternate fractions across the predicted leptin peak. Fractions with satisfactory binding 
activity were pooled to provide a single stock batch of label that was frozen in appropriately- 
sized aliquots.
Ovine RIA protocol and validation. The assay standard used in experiment I was 
pure recombinant ovine leptin (DSL Ltd., London, UK). This was dissolved in 1 mL de­
ionised water and stored as 20 x 50 pL aliquots (10 ng/pL stock solution) at -75°C. Stock
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aliquots were serially diluted with assay buffer to provide standards containing 50, 25, 12.5, 
6.25, 2.125, 1.56, 0.78, 0.395, 0.1975 and 0.098 ng leptin/mL. Assays were conducted in 
polystyrene LP4 tubes (Thermoquest Ltd., Hants, UK) containing 100 p.L of sample (in 
duplicate), 100 p.L of assay buffer (0.05M PBS containing 5 g/L bovine serum albumin, 0.5 
g/L Triton X-100 and 0.025M EDTA disodium salt with addition of 0.2 g/L sodium azide as 
a preservative and, if necessary, pH adjusted to 7.4 with 0.01 M sodium hydroxide) and 100 
pL of antibody (at a final tube dilution of 1:160,000). Standard curve tubes (containing assay 
standard instead of sample) were prepared in triplicate. Assay tubes were incubated at 4°C 
for 20 h before addition of 100 pL of 123I-leptin (14,000 to 16,000 counts per min) in assay 
buffer. The tubes were incubated for a further 48 h and then bound and free ligand were 
separated by adding 100 pL of cellulose-bound anti-guinea-pig IgG (Sac-Cel; IDS, 
Washington Tyne & Wear, UK). After gentle mixing and resting for 30 min at ambient 
temperature, 1 mL deionised water was added to all tubes (except ‘total counts’ tubes). 
Tubes were centrifuged (1,900 x g, 4°C; 20 min) and the supernatant above each pellet was 
aspirated by a vacuum pump via a trap. The residual pellets were counted for a minimum of 
2 min in the gamma counter. Plasma samples were analysed in a series of 7 and 2 assays for 
experiments I and II respectively and assays were balanced internally for breed and 
treatment. The leptin used for iodination (‘Gertler’ ovine leptin) was used as the standard in 
experiment II.
Leptin RIA characteristics. Because the standards used in the 2 series of assays 
differed, the leptin results in the 2 experiments are not directly comparable. In experiment I, 
the assay coefficient of variation (CV) calculated from 6 replicates of an ovine plasma 
control sample with a mean pre-determined leptin concentration of 12.1 ± 0.64 ng/mL was 
10.2% (range 5.9 to 14.2%) for intra-assay CV and 12.9% for inter-assay CV. In experiment 
II the mean intra-assay CV calculated from 5 replicates of an ovine plasma control samples
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with a mean pre-determined leptin concentration o f 5.5 ± 0.23 ng/mL, was 12.9% (range
11.6% to 14.2%). Inter-assay CV was 12.7%.
3.3.5. Statistical Analysis
Body weight, ADF1, ADFI relative to BW (RADFI, g-d"'-kg"') and plasma leptin 
data were analyzed by ANOVA using the MIXED procedure of SAS (SAS 9.1.3; SAS 
Institute Inc., Cary, NC, USA). The statistical model for ADFI, BW and RADFI data 
analysis contained the fixed effects of breed, infection, sex, time, and interactions, with 
comparisons based on the data obtained from the ad libitum fed animals only. Additionally, 
plasma leptin analysis included the observations of the restrictedly fed animals. Comparison 
of actual plasma leptin levels across treatments was made by a model that included the main 
effects of breed, treatment (see Table 3.1.), sex, time, and their interactions (model 1). 
However, the effect of infection on PLC was assessed through a similar model that contained 
the RADFI of the lambs as a co-variable in addition to the main effects of breed, sex, 
infection, time, and their interactions (model 2). All models for leptin included an assay 
effect to take into account the between-assay variation. In every statistical model the random 
effect was animal nested within breed. Sex and its interactions did not affect any of the 
variables analyzed (in all cases P  > 0.05) and were therefore ignored in the presentation of 
results. Data are reported as least square means and their SEM and differences tested by a t- 
test. Body weight gain (kg/week) for each animal was calculated by linear regression and 
data were analysed by ANOVA (General Linear Model) with the fixed effects of breed and 
infection. Effects of breed and infection were analysed on the basis of data of ad libitum fed 
animals only and data are reported as least squared means and their SEM. Prior to statistical 
analysis of FEC, data were log-transformed according to logio (*+1), in order to normalise 
residuals. Log-transformed FEC data were analysed by repeated measures ANOVA (GenStat 
Release 7.2 Lawes Agricultural Trust, Rothamsted Experimental Station). Fecal egg counts
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data are reported as back-transformed means according to (Johnson et a l, 1998) as 10 to the 
power of (p + 0.5 x a 2), with 95% confidence intervals (Cl).
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3.4. Results
3.4.1. Experiment I (Primary Infection)
Faecal egg counts. Fecal samples taken on day -10 from all lambs had a mean epg 
of 42 (95% Cl was 31 to 58) and 18 (95% Cl was 9 to 35) for all S and B lambs, 
respectively. Following the unexpected finding that lambs were not parasite-free, all animals 
were immediately treated with the anthelmintics fenbendazole and levamisole (same dosage 
as mentioned above), before being infected according to the experimental protocol. Mean 
back-transformed FEC for the infected groups are shown in Figure 3.1a. With the exception 
of day -10, non-infected lambs (sham infected) had zero FEC throughout the experiment.
In both breeds, FEC reached a maximum value during the third week of infection 
with mean epg of 113 (95% Cl was 81 to 158) and 73 (95% Cl was 51 to 102) for S and B 
lambs, respectively. From the third week of infection FEC declined gradually to zero. There 
was a breed by time interaction (P  = 0.02) because lambs of the S breed had higher mean 
FEC than B lambs in the middle, but not at the beginning or the end, of the experimental 
period (Figure 3.1a).
Food intake. The mean ADFI for S and B lambs in all treatments are shown in 
Figures 3.2a and 3.2b, respectively. Absolute ADFI was affected by breed (P <  0.001; Table
3.2) and was 2.19 ± 0.066 kg-d"1 and 1.49 ± 0.066 kg-d'1 in C-j lambs of S and B breed, 
respectively, but RADF1 was not (P  = 0.99; Table 3.2). However, there was a breed by time 
interaction for ADFI (P  < 0.001) and RADFI (P  = 0.01), indicating that the rate o f the 
increase in ADFI and RADFI was higher in S lambs compared to B lambs (Table 3.2).
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Dosing with parasites caused a significant reduction in ADFI in S lambs but not in B 
lambs as indicated by the interaction between infection and breed (P  = 0.03; Table 3.2). The 
difference in ADFI between INF and S lambs was around 12% and was persistent 
throughout the course of the 12-week parasitic challenge (Figure 3.3a). Similarly, RADFI 
was decreased by infection in S lambs but not in B lambs as indicated by the interaction 
between infection and breed (P =  0.03; Table 3.2).
Body weight and body weight gain. The average weekly BW for S and B lambs is 
shown in Figures 3.2c and 3.2d, respectively. Ad libitum fed lambs of the B breed had 
approximately 16% lower BW gain compared to S lambs ( P <  0.001; Table 3.2). Infection 
affected the BW gain of lambs ( P =  0.01, Table 3.2), with a reduction in BW gain of 15% 
and 7% in S and B lambs, respectively, but the interaction between breed and infection was 
not significant (P =  0.15, Table 3.2). All levels of food restriction resulted in lower BW gain 
in both breeds (P <  0.001; Table 3.2).
Plasma Leptin Concentrations. Figures 3.2e and 3.2f show the mean PLC during 
experiment I Of S and B lambs, respectively. A direct comparison of actual PLC across 
treatments, without taking into account the RADFI of the lambs in each treatment (Model 1), 
indicated no differences in PLC between INF and C^ lambs in both breeds (P =  0.53; Table
3.2). Restrictedly fed lambs had lower PLC compared to the ad libitum fed lambs in both 
breeds (P  < 0.05; Table 3.2). However, when the highly significant effect of co-variable 
RADFI on PLC was taken into account (Model 2), there was a significant positive effect of 
infection (P =  0.02; Table 3.2) on PLC. Both models showed that PLC was not affected by 
breed and increased with time (P <  0.001; Table 3.2).
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Figure 3.1. Mean weekly back-transformed loglO fecal egg counts (FEC) in number o f  eggs per gram 
of fresh feces (epg) o f Suffolk x Greyface (S; • , 0 )  and Scottish Blackface (B; H ,D ) lambs during 
experiment I (a; primary infection) and experiment II (b; secondary infection). In panel (a), open 
symbols ( 0 , 0 )  refer to FEC o f 24 control S (O ) and 24 B (□ ) lambs measured 1 week before the 
beginning of the experiment. In both panels, closed symbols ( • , ■ )  refer to FEC of infected S ( • )  
and infected B (■ )  lambs. During both experiments infected lambs received orally 21,000 third-stage- 
larvae (L3) of Teladorsagia circumcincta per week (1 dose o f 7,000 L3 3 times/week for 12 weeks). 
Fecal egg counts from the non-infected lambs during both experiments were zero, and are not shown.
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Figure 3.2. The (a and b) ADFI, (c and d) BW, and (e and f) plasma leptin concentrations o f non­
infected lambs fed ad libitum (Con; — O — ), restricted-fed at 90% (C90; — A —•), 80% (C8o; — □ — ) 
and 70% (C70; — O — ) of ad libitum and infected and fed ad libitum (INF; — • — ) Suffolk x 
Greyface (panels a, c, and e) and Scottish Blackface (panels b, d, and f) lambs during experiment I 
(primary infection). The SEM in each treatment group are shown by vertical bars. The SEM for ad 
libitum and restricted-fed treatments are based on error mean squares pooled over ad libitum and 
restricted-fed animals, respectively. The SEM o f the leptin data are based on error mean squares 
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Faecal egg counts. Mean weekly FEC remained very low and did not differ between 
the two breeds (P =  0.9; Figure 3.1b).
Food intake. The mean ADFI for S and B lambs in all treatments are shown in 
Figures 3.3a and 3.3b, respectively. Absolute ADFI was affected by breed with 2.75 ± 0.087 
kg-d'1 and 1.99 ± 0.087 kg*d_1 for the Cai lambs of S and B breed, respectively (P  < 0.001; 
Table 3.3). During the course of the secondary parasitic infection, the pattern of ADFI of 
INF and lambs in the two breeds was similar to that observed during the primary 
infection. The interaction between breed and infection tended to be significant (P  = 0.08; 
Table 3.3) and this was due to the difference of around 12% in ADFI between INF and Cai S 
lambs but not B lambs (Figure 3.3).
Body weight and body weight gain. The average weekly BW in S and B lambs is 
shown in Figures 3.3c and 3.3d, respectively. The two breeds differed in BW gain with S 
lambs gaining 36% more weight than B lambs (P =  0.005; Table 3.3). Secondary infection 
with T. circumcincta resulted in a significant reduction in BWG in S lambs but not in B 
lambs, as indicated by the significant interaction between breed and infection (P  = 0.001; 
Table 3.3).
Plasma Leptin Concentrations. Figures 3.3e and 3.3f show the mean PLC in S and 
B lambs during experiment II. The results of the analysis of Model 1 showed no differences 
in PLC between restrictedly fed and Cai lambs (Table 3.3). Plasma leptin concentrations 
tended to be higher in INF lambs than in C^ lambs (P =  0.07; Table 3.3). However, the effect 
of co-variable RADFI on PLC was highly significant and when this was taken into account 
(Model 2), infection had a positive effect on PLC (P  = 0.004; Table 3.3). Both models 
showed that PLC was not affected by breed and increased with time (P  < 0.001; Table 3.3).
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Figure 3.3. The (a and b) ADFI, (c and d) BW, and (e and f) plasma leptin concentrations o f non­
infected lambs fed ad libitum (Con; — O — ), restricted-fed at 90% (C90; — A — ) and fed ad libitum 
(INF; — • — ) Suffolk x  Greyface (panels a, c, and e) and Scottish Blackface (panels b, d, and f) 
lambs during experiment II (secondary infection). The SEM in each treatment group are shown by 
vertical bars. The SEM for ad libitum and restricted-fed treatments are based on error mean squares 
pooled over ad libitum and restricted-fed animals, respectively. The SEM o f the leptin data are based 
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3.5. Discussion
The findings of this study relate to the differences in response to infection between 
the lambs of the two breeds, the effects of infection on ADFI and the effect of infection on 
the relationship between PLC and ADFI in lambs.
3.5.1. Breed effects
The breeds used in the present study are known to vary in their intrinsic capacity for 
growth and mature size in a common environment (Emmans and Friggens, 1995; Lewis et 
a l, 2004). The performance of the ad libitum fed S lambs was indeed superior to that of the 
ad libitum fed B lambs in both experiments I (P <  0.001) and II (P =  0.005), as expected.
Previous studies have reported that sheep selected more intensively for high 
productivity, such as fast growth or high fleece weight, are more susceptible to parasitic 
infection, as evidenced by high FEC and worm burdens, than animals selected less 
intensively (Amarante et al., 2004; McEwan et al., 1992; Miller et al., 1998). According to a 
recently developed framework, susceptible animals can be expected to show a larger 
depression in intake that lasts longer than the anorexia in less susceptible animals (Sandberg 
et al., 2006). This study is the first to investigate the effect of breeds of different production 
potential on the degree of anorexia in sheep. The first aim of this study was to test the 
hypothesis that variation in response to infection as measured by FEC would be associated 
with variation in the degree of anorexia following parasite infection. In addition, aim of the 
present study was to test whether such an infection would result in elevated leptin levels and 
whether breed differences in anorexia would be positively correlated with breed differences 
in PLC.
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The results obtained are consistent with these expectations and seem, at least at first 
sight, to support the hypotheses. Primary parasite infection resulted in a higher FEC in S than 
in B lambs. In both breeds, animals started to show moderate levels of eggs in their faeces by 
the second week of dosing and rose to a maximum value during the third week of infection 
(Figure 3.1a). From the fourth week o f infection and onwards FEC gradually declined to 
zero which suggests that development o f immunity had started to occur. This pattern of FEC 
is consistent with experimental infections with T. circumcincta (Coop et al., 1977; 1982) 
where the highest value is observed within 3 to 4 weeks post infection. The absolute FEC 
values were relatively low compared to previous studies with similar doses of infection in 
parasite naïve lambs (Coop et al., 1982; Symons et al., 1981) but infection level was 
sufficient to affect ADFI. Although precautions had been taken to avoid exposure to 
parasites, FEC measured at housing, although low, were not zero (Figure 3.1a). Hence, 
lambs were not entirely parasite naïve prior to the start of the experiment. Because the 
pasture was newly established and had never been grazed before, it seems likely that the 
anthelmintic treatment applied to the ewes had not been completely effective. Consequently, 
it is likely that the worm eggs excreted by the ewes were the source of infection to their 
lambs, resulting in the low FEC observed 10 days prior to the start of the primary infection. 
During the course of the secondary infection, FEC remained very low and no differences 
were noted between the breeds (Figure 3.1b). Since there is evidence that animals can lose 
some of their acquired immunity when their exposure to pathogens is discontinued (Barger, 
1988; Jackson et al., 2004) these findings suggest that a period of 2 weeks between a primary 
and a secondary infection will not result in a significant loss of immunity in these breeds.
There were significant breed effects on anorexia, as hypothesized. Infected B lambs 
did not differ in ADFI from non-infected lambs during either primary or secondary infection. 
This means that, with the exception of a very small increase in FEC during primary 
infection, B lambs did not respond to infection at all. This virtual absence of effects of
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infection on B lambs was unexpected. Much more pronounced responses, in terms of FEC 
and ADFI, to infection using the same model have been amply demonstrated in many 
genotypes of lambs (Coop et al., 1977; Sykes and Coop, 1977; Symons et ah, 1981). In their 
review, Coop and Flolmes (1996) characterized Scottish Blackface as a relatively parasite 
resistant breed based on FEC data obtained with H. contortus infection. However, to our 
knowledge, effects of infection with T. circumcincta on ADFI of B lambs have not been 
investigated before and, therefore, no comparisons with the present data are available.
The low FEC and the absence of anorexia in B lambs could have been related to 
food quality. As judged from animal growth rates, the quality of the food allowed for good 
performance. Fecal egg counts are generally higher in lambs with access to poor rather than 
high quality food (Van Houtert and Sykes, 1996). According to a nutrient partitioning 
framework developed by Coop and Kyriazakis (1999), nutritional limitation can affect lambs 
of higher production potential more than animals of lower production potential. Higher 
growth rates of B and S crossbreds fed high quality food have been observed in our institute 
before (see e.g. Lewis et al., 2004), suggesting that the food used in the present experiments 
was limiting and this may have affected the two genotypes differently. In addition, lambs 
were not completely parasite naive before the experiment started, as discussed earlier, and 
previous exposure to parasites could have affected the response of B lambs differently from 
S lambs in the first experiment. At the start of experiment II however, lambs of both breeds 
had been exposed to T. circumcincta for 12 weeks. Differences in previous exposure cannot, 
then, explain the breed effects on anorexia. It can be concluded, therefore, that in terms of 
FEC and anorexia, S lambs were affected more by nematode infections than B lambs when 
both breeds have access to a good quality food.
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3.5.2. Effects of (re-)infection on food intake
During the course of primary infection, a significant reduction in ADFI (anorexia) of 
about 13% was observed from the second week of infection in parasitized S lambs. This 
depression of intake was persistent throughout the course of the 12-week parasitic challenge 
(Figure 3.3a), which is a common observation in crossbred lambs continuously infected with 
T. ckcumcincta (Coop et al., 1977; Sykes and Coop, 1977; Symons et al., 1981). This long- 
lasting depression of appetite is very likely to be directly related to the host’s immune 
response to gastrointestinal parasites (Greer et al., 2005) rather than the presence of parasites 
per se (Coop et al., 1977; Sykes and Coop, 1977).
Ruminants are frequently exposed to infective forms of nematode parasites, but there 
is very little information on whether re-exposure of previously infected animals results in 
renewed reduction in ADFI. A recent study has shown that re-infection did not result in 
anorexia in previously infected non-pregnant or non-lactating ewes (Greer et al., 2005). 
However, the present study showed that re-infection with T. circumcincta resulted in a 
reduction in ADFI of S lambs that was similar to the reduction observed during primary 
infection in the same breed (around 12%). The interaction between breed and infection was 
significant during primary infection but only tended to be significant during re-infection, 
which is likely related to the fewer number of lambs included in experiment II. This suggest 
that re-exposure to nematode infection can cause anorexia in lambs, as has been observed 
previously in other species (Houdijk et al., 2003; Mercer et al., 2000). In the current study, 
anthelmintic treatment was followed by a parasite-free period of 2 weeks before re-infection 
started, which is a similar design to that reported in the ewe study (Greer et al., 2005). The 
difference in findings with ewes and lambs are, therefore, not the result of differences in the 
length of the parasite-free period. Because young animals have been observed to be more 
susceptible to infection than adult sheep, the re-occurrence of anorexia in lambs, but not in
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ewes, may be a result of the difference in age and thus in susceptibility to infection (Smith et 
al„ 1985).
An alternative interpretation of these data is that de-worming resulted in a recovery 
of ADFI in the control animals while re-exposure to parasites prevented recovery in the re­
infection treatment. This view is consistent with the finding that frequent anthelmintic 
treatment did not remove the depressant effect of a continuing T. circumcincta infection on 
voluntary ADFI of lambs (Coop et ah, 1982). Although the RADFI of infected lambs during 
re-infection was not significantly lower than that of control animals, this is a common 
phenomenon observed in parasitized lambs as discussed by Sykes (1982). Flowever, effects 
of re-infection after longer parasite-free periods on subsequent ADFI of sheep remain to be 
investigated.
3.5.3. Effects of (re-)infection on PLC in relation to food intake
The relationship between PLC and ADFI during infection is complicated. Previous 
studies show that a reduction in ADFI as a result of restricted feeding in healthy animals, 
including sheep, results in a reduction in PLC (Blache et al., 2000; Delavaud et al., 2000; 
Marie et al., 2001; Morrison et al., 2001). Nematode infection was, therefore, expected to be 
associated with a decrease in PLC. Nevertheless, the literature shows that infection and the 
subsequent immune response are associated with an increase in PLC in several infectious 
diseases, including parasitism, in murine animal models (Barbier et al., 1998; Faggioni et al., 
2001; Fantuzzi and Faggioni, 2000; Grunfeld et al., 1996; Mercer et al., 2000). Then PLC in 
infected animals showing anorexia is likely to result from both a stimulating effect (by 
infection) and a suppressive effect (from the reduction in ADFI). Such opposing effects on 
PLC have been suggested for endotoxemia in pigs (Barb et al., 1998) and it has been 
proposed that the same effects could be relevant during infections in ruminants (Kulcsar et 
al., 2005). The current study therefore, tested the hypothesis that nematode infection will
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result in elevated PLC in lambs with similar ADFI to non-infected lambs. For that reason, 
restrictedly fed control lambs were included in the experiment to be able to quantify effects 
of ADFI on PLC in the absence of infection. The reduction in ADFI of restrictedly fed 
control lambs of both breeds resulted in systematic decreases in PLC compared to ad libitum 
fed control lambs in both experiments (Figures 3.2e, 3.2f and 3.3e, 3.3f), which is consistent 
with previous observations (Delavaud et al., 2002; Marie et al., 2001; Morrison et al., 2001).
The effects of nematode infection on PLC in ruminants have not been studied 
extensively. Data obtained in a recent study (Fox et al., 2006) suggested that infection with 
T. circumcincta results in elevation of PLC during day 5 to 13 after infection. However, 
these results are difficult to interpret because of the absence of any non-infected control 
lambs in that experiment. In contrast, the present study allowed a direct comparison o f PLC 
between infected and non-infected ad libitum fed lambs. The results herein show that during 
the course of the primary parasitic infection, actual PLC, as analyzed by Model 1, did not 
differ significantly between infected and non-infected ad libitum fed lambs. Although PLC 
tended to be higher in infected lambs, especially in the S breed (Figure 3.3e) during re­
infection, the effect was not statistically significant. These findings are in contrast to the 
acute increase in PLC that has been observed in earlier studies during nematode infection 
(Mercer et al., 2000; Roberts et al., 1999), acute intestinal inflammation (Barbier et al., 1998) 
and other disease models in rodents (Faggioni et al., 1997; Grunfeld et al., 1996; Sarraf et al.,
1997). They are however, consistent with the lack of effect on PLC o f acute endotoxemia in 
sheep (Soliman et al., 2001) and cows (Soliman et al., 2002) and salmonella infections in 
pigs (Jenkins et al., 2004). Gastrointestinal nematode infection does, therefore, not seem to 
result in an acute increase of PLC in ad libitum fed sheep.
In restrictedly fed sheep, infection with a combination of T. circumcincta and T. 
colubriformis did also not result in an increased in PLC (Liu et al., 2007). The present study
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is the first to allow a comparison o f PLC of ad libitum fed infected with non-infected lambs 
with similar levels of RADFI. Analysis of the PLC data with Model 2, where RADF1 was 
included as a co-variable, showed that during primary infection, infected lambs had higher 
PLC than non-infected lambs with similar RADFI. This effect of infection on PLC was also 
observed during secondary infection (Table 3.3). These results are in agreement with the first 
hypothesis that was set out to test, i.e. that nematode infection can have a positive effect on 
plasma leptin levels in lambs when the effect of infection on RADFI is taken into account. 
Therefore, the current study provides some evidence for the suggestion of Kulcsar et al. 
(2005) that two opposing mechanisms (stimulation by inflammation and inhibition by 
reduced ADFI/energy metabolism) are likely to affect PLC during infection in sheep. It is, 
therefore, possible that leptin is involved in the immune response to nematode infection in 
lambs. Although such a role for leptin has also been suggested in one other recent study with 
parasitized periparturient ewes (Valderrabano et al., 2006), the importance of this role in 
sheep remains to be established.
The literature also shows that in ad libitum fed healthy animals, an increase in 
plasma leptin level is associated with a decrease in voluntary ADFI and leptin administration 
promotes anorexia (Henry et al., 1999; Morrison et al., 2001). If an increase in plasma leptin 
level depresses ADFI in lambs, this mechanism could play an important role in the infection- 
related anorexia that is observed in many disease models. Indeed, such a role for leptin has 
been proposed in a number of species (Grunfeld et al., 1996; Mercer et al., 2000; Sarraf et 
al., 1997). However, other studies have suggested that leptin itself is not responsible alone 
for the occurrence of anorexia during infection (Faggioni et al., 1997). For example the 
parasite-induced anorexia in rats was suggested to be related to the cytokine interleukin 6, 
which is released during the immune response and is a known mediator of anorexia in the 
acute-phase immune response, rather than to the elevated leptin concentrations observed 
during early infection (Roberts et al., 1999). In the present study, parasitic infection did not
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result in an acute increase in PLC during both the primary and the secondary infection. In 
addition, although infected lambs had significantly higher PLC than non-infected lambs with 
similar ADFI in both breeds, anorexia was observed in lambs of the S breed only. These 
effects were observed during both the primary and the secondary infection. Therefore, these 
results show that, although leptin may be involved in the response of lambs to nematode 
infection, it is highly unlikely that leptin alone is responsible for the anorexia that is 
observed in parasitized lambs.
3.5.4. Conclusions
The data show that there were differences between B and S lambs in their response 
to nematode infection with T. circumcincta. Suffolk x Greyface lambs were more susceptible 
to infection than B lambs as evidenced by the larger increase in FEC. Suffolk x Greyface 
lambs also developed anorexia while B lambs did not. The data are, therefore, the first to 
show that infection with T. circumcincta depresses the ADFI of lambs of a susceptible breed 
more than that of lambs of a less susceptible breed to parasitic infection. In addition, the 
study demonstrated that susceptible lambs that are re-exposed to infection can show anorexia 
again. During both primary and secondary infection, infected lambs had higher PLC than 
non-infected lambs with similar ADFI. The results show that leptin may be involved in the 
response of lambs to infection but that it is unlikely that leptin alone is responsible for the 
anorexia that is observed following parasitic infection.
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CHAPTER FOUR
Effects of breed and immune status on anorexia and plasma 
leptin concentrations of parasitized lambs
4.1. A bstract
Anorexia (i.e. reduction in voluntary food intake) is a major cause of the impaired 
production efficiency of the infected lambs. The degree of anorexia may be affected by the 
breed production potential, the immune status and the age of the lambs at the time of 
infection. Plasma leptin concentrations may be also affected by the nematode infection and it 
is possible that leptin has a role for the occurrence of anorexia in lambs. In this Chapter it is 
hypothesised that the degree of anorexia following infection i) will be greater in lambs 
selected intensively for growth than in unselected lambs ii) will be smaller in older than in 
young lambs iii) the degree of anorexia in re-infected lambs is affected by the length of the 
parasite free period and iv) nematode infection will increase the concentration of plasma 
leptin in lambs. These hypotheses were tested in three experiments two of which tested 
responses to a primary infection (experiments I and II) and one to a secondary infection 
(experiment III). In all experiments Suffolk x Greyface (S) and Scottish Blackface (B) lambs 
that are known to differ in their growth potential (S lambs are of higher growth potential than 
B lambs), were used. During the primary parasitic infections, lambs were either trickle 
infected with 7,000 infective Teladorsagia circumcincta larvae per day, 3 days per week, for 
a period of 10 (experiment I) or 7 weeks (experiment II) and fed ad libitum, or non-infected 
and fed either ad libitum or pair-fed to infected lambs. In experiment III, all lambs were fed 
ad libitum and were either non-infected or re-infected after a 4- or 8-week period after the 
end of the primary infection. The results showed that during the primary nematode infection 
lambs of the S breed were more susceptible than B lambs, as judged from the differences in 
faecal egg counts (FEC) and IgA response (experiment I). The breed differences were less 
pronounced in experiment II and III, as both breeds showed low FEC and broadly similar 
IgA response. The results showed that a primary infection is associated with anorexia in 
young lambs, but the degree of anorexia does not seem to be affected by the IgA response to
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infection. Re infection of previously infected lambs did not result in renewed anorexia when 
lambs were re-infected after 4 or 8 weeks of the end of the primary infection. Finally the 
results showed that nematode (re)infection did not result in an increase of PLC and leptin 
itself is unlikely to be responsible for the anorexia of nematode infection in lambs.
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4.2. Introduction
It has been well established that a primary nematode infection in Iambs is associated 
with a reduction in food intake (i.e. anorexia) which can vary from 10% up to complete 
absence of food intake (Sykes, 1991; Coop and Sykes, 2001). Anorexia in turn, is a major 
cause of the impaired production efficiency of the infected lambs (Coop and Holmes, 1996; 
van Houtert and Sykes, 1996). Sandberg et al. (2006) postulated in a recently developed 
model that the degree (i.e. magnitude and duration) of the parasite-induced anorexia 
following a primary infection, may be higher in genotypes that are susceptible to infection 
than in more resistant genotypes. It has been concluded that selection for high production 
efficiency can have adverse effects on the ability of animals to deal with infection (Rauw et 
al., 1998). Breeds of sheep that have been selected more intensively for production 
efficiency (e.g. growth) are generally more susceptible to gastrointestinal infections than 
breeds that have been selected less intensively (McEwan et al., 1995; Baker, 1998; Bisset et 
al., 2001). The previous chapter provided some evidence that the degree of anorexia is likely 
to differ between breeds of different growth potentials. However, the breed differences in the 
degree of anorexia could have been affected by the immune status of the lambs prior to 
infection, as there is some evidence that may not have been entirely parasite naive. 
Moreover, young animals have been observed to be more susceptible to infection based on 
FEC than adults as evidenced by studies in sheep (Smith et al., 1985) and goats (Noordeen et 
al., 2001), but, it is unknown whether differences in the degree of anorexia exist between 
young and older animals following a primary nematode infection. Based on the available 
evidence it is hypothesised that in parasite naïve lambs (i) the degree of anorexia following a 
primary nematode infection will be greater in lambs that have been selected more intensively 
for growth potential than in lambs that have been selected less intensively and (ii) the degree
of anorexia following a primary nematode infection will be greater in young lambs (~3 
months old) than in older lambs (~6 months of age).
A recent study with infected and concurrently immuno-suppressed lambs has shown 
that the parasite induced anorexia following a primary infection is not caused by the 
presence of parasites per se but is the direct consequence of acquisition of immunity (Greer 
et al., 2005). The same study showed that the expression of immunity following a secondary 
nematode infection is not associated with anorexia in previously infected adults non­
reproducing ewes. However, infected animals can lose some of their acquired immunity 
when their exposure to pathogens is discontinued, (Barger, 1988; Jackson et al., 2004), 
although it is not known whether and when a complete loss of immunity occurs under 
parasite-free conditions in sheep. The experiments described in the previous chapter, 
provided some evidence that re-exposure to nematode parasites may result in renewed 
anorexia in a breed that is selected for growth production, however, the effect was not very 
strong. Therefore, there is some uncertainty as to whether re-infection of previously infected 
animals results in renewed anorexia or not and whether the degree of anorexia depends on 
the length of the parasite-free period. In this study it is hypothesized that the magnitude of 
anorexia will be greater in lambs that are re-infected after 8 weeks than in lambs that are re­
infected after 4 weeks of the end of the primary infection, because of differences in host 
immune status at the start of re-infection.
Recently, an important role in the regulation of immune responses been ascribed to 
the hormone leptin (Lord et al., 1998; Fantuzzi and Faggioni, 2000) that is primarily 
recognised for its actions in regulating food intake and energy expenditure (Friedman and 
Halaas, 1998). Increased plasma leptin concentrations (PLC) have been observed in many 
disease models including parasitism in mice and rats (Moshyedi et al., 1998; Gualillo et al., 
2000; Mercer et al., 2001). A role for leptin in the anorexia o f infection has also been
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proposed (Grunfeld et al., 1996; Barbier et al., 1998). In ruminants, the effects of nematode 
infection on PLC have not been studied extensively. A possible implication of Ieptin in the 
immune response of nematode infected sheep has been studied previously (Valderabano et 
al., 2006; Fox et al., 2006). However, these studies did not facilitate a comparison in PLC 
between infected and non-infected sheep. The previous chapter provided evidence that PLC 
in infected lambs is elevated compared to non-infected controls, when PLC data are 
corrected for the level of food intake. This was achieved by including food intake data of 
non-infected restrictedly fed lambs in the statistical model. However, in the previous chapter 
the level of food restriction resulted in intakes that were lower than those of the infected 
animals showing anorexia. In the present study, correction for the level of food intake in 
order to study the effect of infection on PLC was achieved by the involvement of non- 
infected lambs that were pair-fed to infected lambs. Thus, it is hypothesised that nematode 
infected lambs will have increased PLC compared to non-infected controls with similar food 
intakes.
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4.3. Materials and Methods
4.3.1. Animals, housing and experimental design
Three experiments took place at the Scottish Agricultural College experimental farm 
after approval of the experimental protocols by the Animal Experiments Committee 
(Research Programme Number: ED RP 3.00/P4), and under Home Office license for 
experimental infection and blood sampling (PPL 60/3004).
Experiment I. Forty-eight Suffolk x Greyface (S) and 48 Scottish Blackface (B) 
lambs were used in this experiment. Half of the lambs in each breed were castrated males 
and half females. All lambs were born and weaned indoors and prior to lambing all ewes 
were orally drenched with a combination of fenbendazole (Panacur 10 %; Hoechst Roussel 
Vet Ltd, Milton Keynes, Bucks., UK) at a rate of 0.2 mL/kg body weight (BW) and 
levamisole (Nilverm Gold, Schering-Plough, Welwyn Garden City, UK) at a rate of 7.5 
mg/kg BW, to remove worm burdens and ensure that lambs would not become infected from 
contact with ewe-derived parasites. Male lambs were castrated soon after birth and lambs of 
both breeds were weaned at approximately 10 weeks of age. After weaning, lambs were 
transferred to a naturally illuminated and ventilated experimental shed. Prior to the start of 
the experiment (week 0), lambs acclimatized to the experimental food and the environment 
for a period of 3 weeks, during which all lambs were fed ad libitum. During the first week of 
the adaptation period lambs were housed as groups. Subsequently, they were allocated 
randomly to individual pens (measuring 2.0 by 1.5 m), in which they stayed until the end of 
the experiment (week 10). All pens contained a food trough that allowed measurement of 
individual food intake, and a water bowl that gave animals free and continuous access to 
water. Fresh food was supplied in 2 daily portions (early morning and late afternoon) and
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any refusals were weighed back twice a week (on Mondays and Thursdays) which allowed 
intake calculations of ad libitum-fed animals for periods of four and three days, respectively.
Half o f the lambs (24 of each breed) were infected for 10 weeks and fed ad libitum 
(treatment INF; for infection details see below). Half (12 of each breed) of the non-infected 
controls, were fed ad libitum to allow estimation of anorexia in INF lambs (treatment AL). 
To measure effects of food intake on plasma leptin concentrations (PLC), the remaining 12 
control lambs in each breed were pair-fed with 12 lambs of the same breed and gender o f the 
INF treatment (treatment PF). These PF lambs received the same amount of food per kg B W 
as consumed by their ad libitum fed infected counterpart in the previous three to four days.
Lambs were assigned randomly to the above treatments after blocking for breed, sex 
and BW in week -1, which guaranteed an equal number of males and females per breed of 
similar BW per treatment. The mean BW on day -7 was 31.8 ± 0.43 kg and 21.3 ± 0.43 for S 
and B lambs, respectively. All lambs during the experiment were fed the same type o f food 
(grass pellets) with an average composition per kg as-fed of 948g DM, 166g CP and 479g 
NDF. The experiment lasted for 10 weeks.
Experiment II. The 48 parasite naïve control lambs (24 S and 24 B) from the non­
infected treatments (AL and PF) of experiment I were used in this experiment. The 
experimental design was similar to that of the experiment I, with the difference that all 
treatments had an equal number of lambs. Four weeks prior to the start of the experiment the 
lambs were group housed and were given ad libitum access to food. One week prior to the 
start of the experiment the lambs were moved to individual pens and food intake was 
recorded. In this experiment 8 lambs o f each breed were infected with T. circumcincta. 
(same dose and infection regime as described in experiment I) and were fed ad libitum 
(treatment INF2). The remaining non-infected lambs were allocated in one of two treatments
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in which they were either fed ad libitum (treatment AL2, n = 8 per breed) or pair-fed 
(treatment PF2, n = 8 per breed) with 8 Iambs of the same breed and gender of the INF2 
treatment (as described in experiment I). The lambs were allocated randomly to the above 
treatments after blocking for breed, sex and BW, which guaranteed an equal number per 
breed of males and females of similar BW per treatment. The experiment lasted for 7 weeks 
during which all lambs were fed grass/straw pellets with an average composition per kg as- 
fed of 917g DM, 103g CP and 532g NDF. At the start of the experiment the lambs were 
approximately 7 months of age. The experimental facilities and infection details were 
identical to those used in experiment I.
Experiment III. The 48 lambs previously infected in Experiment I (24 S and 24 B) 
were used in this experiment. The lambs were allocated randomly into three treatments of 8 
lambs per breed (i.e. treatments CON, R8 and R4) after blocking for breed, sex and BW, and 
housed as treatment groups. This allocation guaranteed an equal number of males and 
females of similar BW within both breeds per treatment. Trickle infection for lambs in the 
CON and R8 treatments stopped immediately after the end of experiment I and at the same 
time they were drenched with a combination of fenbendazole and levamisole (same dose as 
described above), to remove worm burdens. Lambs in the R4 treatment continued to receive 
the trickle infection for an additional 4 weeks after which they were drenched. Four weeks 
after the end of infection in the lambs of the R4 treatment, a secondary infection with T. 
circumcincta was applied to the lambs of both the R8 and R4 treatment and lasted for 12 
weeks. This design resulted in lambs being re-infected either 4 weeks (R4) or 8 weeks (R8) 
after the primary infection was terminated. The dose and infection regime used in this 
experiment were the same as that of experiment I. The lambs were moved to individual pens 
one week prior to the start of the secondary infection and food intake was recorded. 
Throughout the experiment all lambs were fed ad libitum grass/straw pellets (same
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composition as in Experiment II). The experimental facilities and infection details were 
identical to those used in experiment I and II.
4.3.2. Infection details
Infective larvae for all experiments were obtained from four wether Suffolk x 
Greyface sheep that were housed separately and were infected with an anthelmintic 
susceptible strain of the nematode Teladorsagia circumcincta, which was donated by the 
Moredun Research Institute (Edinburgh, UK). Larvae were harvested every 14 days from 
faeces using a standard Baerman procedure. Following harvesting, infective third-stage 
larvae (L3) were stored at 4 °C in tap water and used within 2 weeks of collection.
Infected lambs in all experiments were dosed orally using a syringe with 7,000 L3 
larvae of the nematode Teladorsagia circumcincta suspended in 10 mL of water every 
Monday, Wednesday and Friday. Similar rates of infection have previously been shown to 
lead to establishment of a patent T. circumcincta worm burden in growing lambs (Coop et 
ah, 1985). All non-infected (control) lambs were given a similar volume of water (“sham” 
infection) at the same time, thus undergoing the same amount of handling stress as the 
infected animals.
4.3.3. Sample Collection and Measurements
In all experiments, measurements and procedures were carried out over similar time- 
scales using identical protocols.
Lamb performance and intake. At arrival and during all the periods that lambs were 
housed individually, BW was recorded weekly and body condition was scored every 
fortnight by the same operator by lumbar palpation on a scale from 0 to 5 with 0.25
74
increments (Russel et al., 1969). Amounts of distributed fresh food were recorded daily and 
accumulated residues were weighed twice weekly (Monday and Thursday) to allow 
estimation of average daily food intake (ADFI). The refusals of the pelleted food were 
recorded on as fed basis, as similar refusal levels were obtained for the individual animals 
and there was no evidence of feed separation in the bins.
Faecal egg counts. For the fecal worm egg count (FEC) determination, a 5 to 10 g 
fecal sample was taken from the rectum of all the lambs at weekly intervals from d -10  
onwards during the entire experimental period. The individual faecal samples were 
processed immediately. The number of eggs per gram of fresh faeces (epg) was determined 
using a modified flotation technique (Christie and Jackson, 1982), in which polyallomer 
centrifuge tubes (Beckman) were used to separate the egg bearing layer after flotation in 
saturated sodium chloride solution. The FEC were expressed as number o f eggs per gram 
fresh faeces (epg), and the technique used can detect nematode eggs down to 1 epg.
Blood samples. Blood samples were taken weekly from the jugular vein of the lambs 
into heparinized vacutainers from housing (pre-infection) onwards. Each sample was 
centrifuged for 15 min at 2600xg immediately after collection and approximately 3 ml of 
plasma was obtained and dispensed in 3 aliquots of around 1 ml each. Two aliquots were 
stored at -20°C pending analysis for leptin and immunoglobulin A (IgA) concentrations , 
while the other one was analysed for pepsinogen within 6h. In all experiments, plasma IgA, 
leptin and pepsinogen concentrations were determined in 6 lambs (3 males and 3 females) of 
each treatment in each breed that were selected randomly. Plasma pepsinogen concentration 
was determined by the modified method of Paynter (1992) and expressed in iU (international 
Units). IgA concentration was determined against somatic L3 antigens of T. circumcincta as 
described previously by Sinski et al., (1995).
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Leptin Radioimmunoassay (RIA). Plasma leptin concentration (PLC) in the samples 
obtained from the three experiments was determined by a modification of the ruminant- 
specific leptin RIA described previously in Chapter 3. In the modified RIA, instead of the 
use of Sac-Cel (cellulose-bound anti-guinea-pig IgG), the separation of bound and unbound 
labelled leptin was achieved in a longer, two-step, process using soluble second antibody 
followed by a general protein precipitant (polyethylene glycol or PEG) as follows: After the 
44-48h incubation of label, to each tube (except the total counts check tubes) was added 
lOOpl of normal guinea pig serum (diluted 1:100 in assay buffer). After a brief vortex mix, 
lOOpl of a 1:16 dilution of second antibody (goat anti-guinea pig IgG; IDS Ltd., Boldon, 
Tyne and Wear, Northumberland, UK) in assay buffer was added and all tubes again vortex 
mixed before returning to the fridge. Next day, lOOpl o f whole horse serum was added to all 
standard tubes as well as ‘zero-binding’ check tubes and ‘non-specific binding’ check tubes. 
After brief vortexing, 700pl of 10% PEG was added to all tubes (except total counts tubes) 
and all tubes were vortex mixed and returned to the fridge for a further 2 hours prior to 
centrifugation at 20 minutes at 3000 rpm (1900 x g) and at 4°C. After centrifugation, 
supernatant containing unbound 125I-leptin was decanted from each tube and drained pellets 
were counted in a Cobra II gamma counter (Packard Canberra Ltd., Berks, UK). Ten 
replicates of mixed sera from a fat (BCS >3.5) sheep or a lean sheep (2.0 < BCS > 3.5) were 
included in each assay. The mean leptin concentration of this mixed serum control was ± 
2.91 ng/ml. The mean intra-assay coefficient of variation (CV) of the three assays was 4.62 
% while the inter-assay CV was 5.11 %.
4.3.4. Statistical Analysis
Similar statistical models were used for the analysis of the data obtained from the 
three experiments. ADFI, relative ADFI to BW (RADFI, g-d ’-kg'1), BW, BCS, and IgA data 
were analysed by repeated measures ANOVA with an auto-regressive correlation structure 
for residual errors over time, using the MIXED procedure of SAS (SAS 9.1.3; SAS Institute
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Inc., Cary, NC, USA). All statistical models contained the fixed effects of breed, infection, 
sex, time, and their interactions.
Plasma leptin were analysed also by ANOVA using the MIXED procedure of SAS 
for repeated measurements. Comparison of actual plasma leptin levels between treatments 
was made by a model that included the main effects o f breed, infection, sex, time, and their 
interactions (model 1). Leptin data were also analyzed by a similar model that contained 
either the BCS measurements or the RADFI of the lambs as a covariable in addition to the 
main effects of breed, infection, time, and their interactions (model 2). The relationships 
between PLC and BCS, and between PLC and RADFI were tested by comparing the 
respective covariable coefficient with its associated standard error. All models for leptin 
included an assay effect to take into account the between-assay variation. In every statistical 
model the random effect was animal nested within breed by treatment.
Individual bodyweight gain (BWG) of all lambs (g/day) was estimated by linear 
regression (least square method) of BW on time and data were analysed by ANOVA 
(General Linear Model) with the fixed effects of breed and infection. Effects of breed and 
infection were analysed on the basis of data of ad libitum fed animals only.
Log-transformed, according to logio Or+1), pepsinogen and FEC data were analysed 
by repeated measures ANOVA (GenStat Release 7.2 Lawes Agricultural Trust, Rothamsted 
Experimental Station). Pepsinogen and FEC data are reported as back-transformed means 
according to Johnson et a l, (1998) as 10 to the power of (p+0.5xa2), with 95% confidence 
intervals (Cl). All other data are reported as least square means and their SEM and 
differences tested by a t-test. Sex and its interactions did not affect significantly any of the 
variables analysed and is therefore ignored in the presentation of results.
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4.4. Results
Faecal egg counts. Faecal samples taken on week -1 showed that all lambs were 
parasite naïve prior to the start of the primary trickle infection, as all lambs had zero FEC. 
Following the start of the nematode infection, FEC reached a maximum value during the 
third week of infection with mean epg of 154 (95% Cl was 100 to 184) and 59 (95% Cl was 
41 to 106) for S and B lambs, respectively.
4.4.1. Experiment I (Primary infection)
Week o f  primary infection
Figure 4.1. Mean weekly backtransformed log]0 fecal egg counts (FEC) in number o f eggs per gram 
o f fresh feces (epg) o f Suffolk x Greyface (S; • )  and Scottish Blackface (B; ■ )  lambs during 
experiment I (primary infection).
From the third week of infection FEC declined and remained relatively low until the 
end of the experiment, in both breeds. There was a breed by time interaction ( P =  0.001) 
because lambs of the S breed had back-transformed higher mean FEC than B lambs in the
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middle, but not at the beginning or the end, of the experimental period (Figure 4.1). All non­
infected lambs (sham infected) had zero FEC throughout the experiment (data not shown).
Food intake. The ADFI for S and B lambs in INF and AL treatments are shown in 
Figure 4.2a. ADFI was affected by breed (P <  0.001; Table 4.1) and was 2.19 ± 0.045 kg/d 
and 1.53 ± 0.045 kg/d in AL lambs of S and B breed, respectively, but RADFI did not differ 
statistically between breeds (P  = 0.27; Table 4.1). There was a breed by time interaction for 
ADFI (P  =  0.001) and RADFI (P  <  0.001; Table 4.1), indicating that the rate of the increase 
in ADFI and RADFI was higher in S lambs compared to B lambs.
Nematode infection caused a significant reduction in ADFI in lambs (P  = 0.02) and 
the interaction between infection and breed was not significant (P =  0.71; Table 4.1). RADFI 
was also decreased by infection in both breeds (P  = 0.025; Table 4.1) and the interaction 
between infection and breed was not significant (P  = 0.42; Table 4.1). In both breeds the 
RADFI of the PF lambs was similar to that of the INF lambs (P =  0.1; Table 4.1).
Body weight, body weight gain and body condition score. On average S lambs were 
heavier than B lambs throughout the experiment (P<0.0001; Figure 4.2b). The BWG of the S 
lambs was approximately 20% higher to that of the B lambs (P <  0.001; Table 4.1). Infection 
did not affect the BWG of lambs (P =  0.41; Table 4.1) and the interaction between breed and 
infection was not significant (P =  0.84; Table 4.1). In both breeds, PF and INF lambs did not 
differ in their BW gain (P  =  0.23; Table 4.1). BCS in lambs remained almost constant 
throughout the experiment and was not affected by breed (P  = 0.97) or by infection (P  = 
0.89). BCS of the PF lambs did not differ from that of INF lambs (P =  0.31). Least squares 
(LS) mean BCS for both breeds and all treatments was 3.00 ± 0.05.
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Plasma pepsinogen and IgA. The average weekly back-transformed pepsinogen 
concentrations are shown in Figure 4.3a. The interaction between breed, infection and time 
was not statistically significant (P  = 0.69). Plasma pepsinogen concentrations increased 
significantly with time in INF lambs but not in non-infected lambs as indicated by the 
interaction between infection and time (P <  0.001). In both breeds pepsinogen concentrations 
started to decline after the sixth week of infection. Plasma IgA concentrations against week 
of infection are shown in Figure 4.3b. There was a significant interaction between infection, 
breed and time (P =  0.013) caused by the increase with time in INF lambs but not AL lambs 
and the significantly greater increase with time in B than in S lambs.
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Week o f  primary infection Week o f  primary infection
Figure 4.2. Average daily food intake (panel a) and body weight (panel b) o f non-infected (AL; 0 , 0 )  
and infected (INF; • , ■ )  fed ad libitum Suffolk x Greyface ( O ,# )  and Scottish Blackface ( □ ,■ )  
lambs during the experiment I (primary infection). Standard errors o f the means are shown by vertical 
bars and are based on error mean squares pooled over treatments.
Week o f  secondary infection Week o f primary infection
Figure 4.3. Mean weekly backtransformed log10 plasma pepsinogen (panel a) and IgA (panel b) o f 
Suffolk x Greyface ( O ,# )  and Scottish Blackface ( □ ,■ )  lambs during the experiment I (primary 
infection). Infected lambs ( • , ■ )  were receiving orally 21,000 third-stage-larvae (L3) of T. 
circumcincta per week (1 dose o f 7,000 L3 3 times a week for 12 weeks). Non-infected ad libitum fed 
lambs ( 0 , 0 )  were receiving at the same time a “sham” infection. Standard errors of the means are 
shown by vertical bars.
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Plasma leptin concentration (PLC). Figure 4.4 shows the mean PLC of S and B 
lambs during the experiment. Analysis of the PLC data with models 1 and 2 showed that 
there were no significant effects of breed (P >  0.17) and infection (P >  0.58) on PLC or their 
interaction (P >  0.41). In addition model 2 showed that PLC was not affected significantly 
by the covariable BCS or RADFI (P >  0.27). All models showed that PLC was affected by 
time (P <  0.001), because of the gradual increase in PLC in all lambs towards the end of the 
experiment.
- I  0 i 2 3 4  5 6 7 8 9 10 
Week ofprim aiy infection
-1 0 i 2 3 4  5 6 7 8 9 10 
Week o f  primary infection
Figure 4.4. Mean weekly plasma leptin concentrations of Suffolk x Greyface (panel a) and Scottish 
Blackface (panel b) lambs during the experiment I (primary infection). Infected lambs ( • )  were 
receiving orally 21,000 third-stage-larvae (L3) of T. circumcincta per week (1 dose o f  7,000 L3 3 times 
a week for 12 weeks). Non-infected ad libitum fed lambs (O ) and non infected pair-fed lambs (O ) 
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Faecal egg counts. Faecal samples taken one week prior to the start of the primary 
infection showed that all lambs were parasite naive prior to the start of the experiment. 
Following the start of the nematode infection, FEC started to increase but remained very low 
(<10 epg) throughout the experiment and did not differ between breeds as indicated by the 
main effect of breed (P =  0.31) and the interaction between breed and time (P  = 0.21). All 
non-infected lambs (sham infected) had zero FEC throughout the experiment.
Food intake. The ADFI for S lambs was significantly higher than that of the B 
lambs throughout the experiment (P  < 0.001; Figure 4.5a). ADFI was not affected by 
infection (P  =  0.47) and the interaction between breed, infection and time was not significant 
(P  = 0.9). RADFI was not affected by infection (P  = 0.95) or by breed (P =  0.41; Table 4.2). 
Pair-fed lambs tended to have lower RADFI compared to their counterparts (P  = 0.07; Table
4.2).
Body weight, body weight gain and body condition score. On average S lambs were 
heavier than B lambs throughout the experiment (P 0 .0 0 1 ; Figure 4.5b). The BWG of the S 
lambs was approximately 20% higher to that of the B lambs (P <  0.027; Table 4.2). Infection 
resulted in lower BW gain in the S lambs only, as shown by the interaction between breed 
and infection (P  = 0.04; Table 4.2). In both breeds, PF2 and INF2 lambs did not differ in 
their B W gain (P  = 0.26; Table 4.2).
BCS in lambs remained almost constant throughout the experiment and was not affected 
by breed (P =  0.13) or by infection (P =  0.86). BCS in PF2 lambs did not differ from that of 
INF2 lambs (P  = 0.37). LS mean BCS for both breeds and all treatments was 3.1 ± 0.07 
throughout the experiment.
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Figure 4.5. Average daily food intake (panel a) and body weight (panel b) o f non-infected fed ad 
libitum (AL2; 0,111) and infected fed ad libitum (INF2; • , ■ )  Suffolk x Greyface (O ,# )  and Scottish 
Blackface ( □ ,■ )  lambs during the experiment II (primary infection). Standard errors o f the means are 
shown by vertical bars and are based on error mean squares pooled over treatments.
Week o f  primary infection Week o f  primary infection
Figure 4.6. Mean weekly backtransformed logio plasma pepsinogen (panel a) and IgA (panel b) o f 
Suffolk x Greyface ( 0 , 0 )  and Scottish Blackface ( □ ,■ )  lambs during the experiment II (primary 
infection). Infected lambs ( • , • )  were receiving orally 21,000 third-stage-larvae (L3) of T. 
circumcincta per week (1 dose o f 7,000 L3 3 times a week for 12 weeks). Non-infected ad libitum fed 
lambs (0 ,D )  were receiving at the same time a “sham” infection. Standard errors o f the means are 
shown by vertical bars.
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Plasma pepsinogen and IgA. The average weekly back-transformed pepsinogen 
concentrations are shown in Figure 4.6a. Piasma pepsinogen concentrations increased 
significantly with time in infected lambs but not in non-infected lambs as indicated by the 
interaction between infection and time (P <  0.001). The interaction between breed, infection 
and time was not statistically significant (P =  0.33).
Plasma IgA concentrations against week of infection are shown in Figure 4.6b. 
There was a statistically significant interaction between interaction between infection and 
time (P  < 0.0001; Figure 4.6b) because plasma IgA increased in infected lambs over time. 
The interaction between breed, infection and time was not statistically significant (P =  0.14).
Plasma leptin concentration. Figure 4.7 shows the mean PLC of S and B lambs 
during the experiment. Analysis of the PLC data with models 1 and 2 showed that there were 
no significant effects of breed (P >  0.5) and infection (P >  0.1) on PLC or their interaction (P  
> 0.1). In addition model 2 showed that there was a statistically significant relationship 
between PLC and RADFI in both breeds, as evidenced by the covariable coefficient (P  < 
0.001). The estimated covariable coefficient showed that a difference in RADFI of 10 g was 
associated with a difference in PLC of 0.43 ng/ml (SE 0.131; P  =  0.001). The model that 
included BCS as a covariable showed that there was no statistical evidence of a relationship 
between PLC and BCS (P  = 0.54). All models showed that PLC was affected by time 
(P<0.001; Figure 4.7), because of the gradual increase in PLC in all lambs towards the end 
of the experiment and the interaction between time and breed or treatment was not 
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Figure 4.7. Mean weekly plasma leptin concentrations o f Suffolk x Greyface (panel a) and Scottish 
Blackface (panel b) lambs during the experiment II (primary infection). Infected lambs ( • )  were 
receiving orally 21,000 third-stage-larvae (L3) of T. circumcincta per week (1 dose o f  7,000 L3 3 times 
a week for 12 weeks). Non-infected ad libitum fed lambs (O ) and non infected pair-fed lambs (O )  
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Faecal egg counts. During the course of the secondary infection mean weekly FEC 
in both breeds remained very low (at all time points FEC was below 5 eggs per g faeces). 
FEC did not differ between the two breeds (P  = 0.9) and treatments (P  = 0.5) and the 
interaction between breed, treatment and time was not significant (P =  0.16).
Food intake. The ADFI differed between the two breeds as S lambs had
significantly higher intakes than B lambs throughout the experiment (P  < 0.001; Figure
4.8a). Re-infection did not cause any reduction in ADFI in both R4 and R8 treatments (P >  
0.4) and the interaction between breed, treatment and time was not significant (P  = 0.1).
RADFI was not affected either by treatment or by breed (P  >  0.44).
4.4.3. Experiment I I I  (Secondary infection)
Figure 4.8. Average daily food intake (panel a) and body weight (panel b) o f non-infected (CON; 
O ,# ) ,  re-infected after 8 weeks o f the end of the primary infection (R8; < > ,♦ ) and re-infected after 4 
weeks of the end o f the primary infection (R4; □ ,■ )  fed ad libitum Suffolk x  Greyface ( 0 , 0 , □ )  and 
Scottish Blackface ( • , ♦ , ■ )  lambs during the experiment III (secondary infection).
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 
Week of secondary infection
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 
Week of secondary infection
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Week of secondary infection Week of secondary infection
Figure 4.9. Mean weekly IgA and backtransformed logio plasma pepsinogen concentrations of 
Suffolk x Greyface (panels a) and Scottish Blackface (panels b) lambs during the experiment III 
(secondary infection). Lambs were re-infected with 21,000 third-stage-larvae (L3) o f T. circumcincta 
per week (1 dose o f  7,000 L3 3 times a week for 12 weeks) either after 8 weeks o f the end o f  the 
primary infection (R8; ♦ )  or after 4 weeks o f the end of the primary infection (R4;B). Non-infected 
ad libitum fed lambs (O)were receiving at the same time a “sham” infection.
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Body weight, body weight gain and body condition score. During the course of the 
secondary infection S lambs were significantly heavier than B lambs (P  < 0.001; Figure 
4.8b). BW gain did not differ between the breeds (P =  0.6) and was not affected by treatment 
(P  > 0.18). BCS was not affected by breed (P  = 0.63) or by treatment (P  > 0.65) and 
remained almost constant throughout the experiment (LS mean 3.01 ± 0.06).
Plasma pepsinogen and IgA. The average weekly back-transformed pepsinogen 
concentrations are shown in Figure 4.9. In both re-infection treatments plasma pepsinogen 
concentrations of the lambs were higher compared to non infected control lambs as shown 
by the main treatment effect (P  = 0.04) and its interaction with time (P  = 0.01). Plasma 
pepsinogen concentrations were not affected by breed (P =  0.71) and did not differ between 
the re-infection treatments (P =  0.5).
Plasma IgA concentrations increased significantly as a result o f the re-infection but 
the increase was significant only for the B lambs of the R8 treatment as shown by a 
statistically significant interaction between breed, treatment and time (P =  0.01; Figure 4.9b).
Plasma leptin concentration. Analysis of PLC with model 1 (no covariables 
included) showed no differences between treatments (P =  0.53) and breeds (P =  0.2). When 
data were analyzed with model 2, in which, RADFI was included as a covariable a 
statistically significant positive relationship between PLC and RADFI was observed, as 
evidenced by the covariable coefficient (P  =  0.012). The estimated covariable coefficient 
showed that a difference in RADFI of 10 g was associated with a difference in PLC o f 0.72 
ng/ml (SE 0.205; P  =  0.018). According to this model PLC was not affected by infection (P  
= 0.69) or breed (P = 0.28). The model that included BCS as a covariable showed also that 
there was a significant statistical relationship between PLC and BCS (P  = 0.02). The 
estimated covariable coefficient showed that a difference in BCS of 1 was associated with a
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difference in PLC of 0.61 ng/ml (SE 0.265; P =  0.02). The effect of re-infection on PLC 
however, remained non significant (P  = 0.62). All models showed that PLC was affected by 
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Figure 4.10. Mean weekly plasma leptin concentrations of Suffolk x Greyface (panel a) and Scottish 
Blackface (panel b) lambs during the experiment III (secondary infection). Lambs were re-infected 
with 21,000 third-stage-larvae (L3) of T. circumcincta per week (1 dose of 7,000 L3 3 times a week for 
12 weeks) either after 8 weeks of the end of the primary infection (R8; ♦ )  or after 4 weeks of the end 
of the primary infection (R4;B). Non-infected ad libitum fed lambs (O)were receiving at the same 
time a “sham” infection.
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4.5. Discussion
The present study examined the effects of a primary and a secondary nematode 
infection on ADFI, and the relationship between anorexia and PLC in two breeds of lambs 
that differed in their intrinsic capacity for growth.
4.5.1. Effects of breed and age on performance and response to infection
The present experiments compared S and B lambs in their immune response (i.e. 
FEC and IgA) to a primary and a secondary nematode infection. S lambs have been selected 
more intensively for growth than B lambs and the differences in performance between these 
breeds have been demonstrated in earlier studies (Emmans and Friggens, 1995; Lewis et al., 
2004). The results of the present experiments show that the performance, in terms of BWG, 
of the ad libitum fed S lambs was indeed superior to that of the ad libitum fed B lambs in 
both experiments I (P  < 0.001) and II (P  = 0.005), as expected. The breed differences in 
BWG between the two breeds seem, however, to diminish as lambs grow heavier and 
approach maturity (Experiment III).
The lambs used in experiment I and II had not been exposed to infective larvae 
before and, therefore, were considered parasite naïve prior to the start of the experiments. In 
support of this assumption are both the FEC and IgA results that refer to the period before 
the start of the primary trickle infection with the nematode T. circumcincta. During 
experiment I, infected animals started to show moderate levels of eggs in their faeces by the 
second week of dosing and these rose to a maximum value during the third week of infection 
(Figure 4.1). From the fourth week of infection, FEC sharply declined which suggests that 
development of immunity had started to occur, although FEC did not reach zero values at the 
end of the experiment in either breed. The FEC values observed in experiment I were not as
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high as those reported in earlier studies (i.e. 450 epg or more around the third to fifth week 
of infection) that used similar doses o f T. circumcincta infection in parasite naïve lambs 
(Symons et ah, 1981; Coop et al., 1982). This is possibly related to the quality of the food 
used in experiment I, as improved nutrition can enhance the degree to which the animals can 
acquire immunity (Coop and Holmes, 1996; Coop and Sykes; 2001).
There was a breed effect on FEC, mainly because FEC were raised to higher values 
in S than in B lambs. This observation is in accordance with earlier studies that compared 
breeds of sheep that differ in their production level in terms of growth or fleece weight 
(McEwan et al., 1992; Miller et al., 1998; Amarante et al. 2004; Good et al., 2006). FEC can 
be considered as an indirect measure of immunity that has frequently been used to compare 
differences in resistance to infection between breeds (Bisset et al., 2001; Amarante et al., 
2004; Good et al., 2006). The results of experiment I suggest, therefore, that S lambs are 
more susceptible to infection than B lambs, which is a finding that concurs with the results of 
the primary infection experiment, as described in Chapter 3.
In both experiments I and II of the current study, primary infection resulted in a 
significant increase in IgA and the effect was more pronounced in B that in S lambs, during 
experiment I. In experiment III a rapid increase in IgA was observed also in B lambs but 
only in the R8 treatment. IgA response to infection is regarded to be the most important 
manifestation of immunity in growing lambs as it affects worm growth and causes a 
reduction in worm fecundity (Stear et al., 1995; Strain and Stear 1999). Immunity to 
nematode infections in sheep, associated with an IgA response, has been shown to have a 
significant nutritional cost for the host (Greer et a l ,  2005). Therefore, the differences in 
immune response to infection between S and B lambs as shown both by IgA and FEC 
results, could well be mediated by differences in the host’s prioritization of nutrients towards 
its various physiological functions, as suggested by Colditz (2003, 2008).
94
The breed differences in FEC were not apparent either in experiment III (re­
infection) or experiment II (primary infection of 6-month lambs) during which there was 
hardly any effect of (re)infection on FEC. The very low FEC that was observed during the 
primary infection in experiment II, in contrast to that of experiment I, suggests that the 
susceptibility to T. circumcincta infection is age-related. A similar pattern of age related 
susceptibility occurs in many other nematode infections of tropical sheep (Urquhart et al., 
1996) and cattle in both temperate (Urquhart et al., 1996) and tropical regions (Stear et al., 
1990). The difference in response to infection between the 4-month and the 6-month old 
lambs, as evidenced by FEC in the current experiments (I and II), was not reflected by 
differences in IgA concentrations. The timing and the size of the IgA response of the lambs 
was broadly similar in experiments I and II. A remarkable difference in IgA response to 
infection was reported earlier by Smith et al. (1985) for 4!/2- and 10-months old lambs, with 
younger lambs showing significantly poorer IgA response. Therefore, the finding that the 
IgA response was similar between the 3- and the 6-month old lambs in the present study 
could be related to the fact that the lambs differed only three months in age.
With regards to experiment III, FEC did not differ between R8 and R4 treatments 
and it could be concluded that a loss of immunity did not occur within the 8-week parasite 
free period. However, if a loss of immunity had occurred, it is very unlikely that such a result 
would have been detected, because it would probably have been wiped out by the strong 
effect of age, as it is demonstrated by experiment II. This is likely because re-infected lambs 
were already 7 months old at the start of re-infection. In support of this view are the results 
of Kimambo et al., (1998) which report that after a prolonged (6 months) parasite-free period 
no worm eggs were detected in the faeces of nematode re-infected sheep of 21 months old. 
The IgA response to re-infection, at least within the R8 lambs, suggests a difference in 
immune response between S and B lambs. The results also support the view that previously 
infected lambs have better ability to mount an immune response than previously naïve lambs
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following infection, as shown by their earlier IgA response to nematode challenge (Figure 
4.9b. vs.4.3b and 4.6b).
Plasma pepsinogen concentrations were affected by infection in all experiments, but 
they were not affected by breed, age or immune status of the lambs. An increase in plasma 
pepsinogen concentration is a reflection of the abomasal epithelium damage, which is both 
necessary and sufficient to allow pepsinogen to diffuse into the lymph and subsequently into 
the bloodstream (Baker et al., 1993; Stear et al., 1999). The damage in the abomasal 
epithelium can be a direct consequence of the established adult worms on the epithelium 
(Berghen et al., 1993) and/or a hypersensitivity reaction as part of the developing immune 
response that involves hyperplasia of mucosal mast cells (Yakoob et al., 1983; Smith et al.,. 
1984; Huntley et al., 1987). Increased plasma pepsinogen concentrations have been 
frequently observed in immune animals that can mount effective immune response to 
ingested larvae (Barger 1982; Yakoob et al., 1983; Stear et al., 1994; Lawton et al., 1996; 
Stear et al., 1999; Stear et al., 2001). Therefore the increase in pepsinogen concentration that 
was not accompanied with an increase in FEC, at least in experiments II and III, is likely the 
result of immune response on gastro-intestinal integrity, rather than a direct consequence of 
the abomasal damage caused by the action of parasites per se.
4.5.2. Effects of (re-)infection on food intake and performance
During the course of the primary infection in experiment I, a significant reduction in 
food intake was observed from the third week of infection and onwards in parasitized lambs 
in both breeds. The reduction in ADFI in both breeds was around 6%, which is relatively 
small compared to depressions of appetite of around 12% or more that earlier studies report 
in infected lambs with T. circumcincta (Coop et al., 1977; Sykes and Coop, 1977; Symons et 
al., 1981). However, this finding is interesting in view of the results o f the previous 
experiment (described in Chapter 3), where the same dose of T. circumcincta resulted in a
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well established anorexia (of around 12%), at least in infected Suffolk lambs. The lambs in 
the previous experiment (experiment I; Chapter 3) were fed a similar type of food (grass 
pellets), which had a protein content of 186g kg per fresh food, while the lambs in the 
current experiment were fed on grass pellets with a slightly less protein content (i.e. 166 g per 
kg fresh food). It is therefore unlikely that the dietary protein content of the food could have 
contributed in the differences in the degree of anorexia as shown in the two experiments. 
Although the effects of dietary protein on anorexia have not been studied extensively, 
relevant to this suggestion is the observation that the degree of anorexia in lambs infected 
with T. colubriformis and fed either a high (206 g/kg DM) or a low (86 g/kg DM) protein 
diet, did not differ significantly between the nutritional treatments (Kyriazakis et al., 1996). 
Van Dam et al., (1997) also report that the protein content of the food does not affect the 
degree of anorexia in goats following trypanosome infection.
The results of current experiments support the view that anorexia is associated with 
the acquisition phase of the developing immune response in growing lambs (Coop et al., 
1977; Sykes and Coop, 1977; Symons et al., 1981 ; Greer et al., 2005) as, both breeds showed 
anorexia during primary infection (experiment I) but not during the secondary infection 
(experiment III). However, the finding that the 6-month old parasite naïve lambs of 
experiment II did not show significant reduction in ADFI following infection was 
unexpected, and there is not a clear explanation for this result. It seems however, that the 
occurrence of anorexia is not related to humoral immune responses, as it is evidenced by the 
IgA results, previously suggested by Greer et al., (2005). In all experiments infection 
resulted in a stimulation of IgA response, but anorexia observed only during the primary 
infection in the 4-month old lambs (experiment I). In addition, although there was a stronger 
IgA response to infection by B lambs in experiment I, as shown by the interaction between 
breed, infection and time, the reduction in intake did not differ significantly between the 
breeds (Table 4.1). Recently, a study with infected and concurrently immuno-suppressed
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lambs provided evidence that the parasite-induced anorexia of sheep is a direct consequence 
of the immune system activation (Greer et al., 2005). Recent studies (Pernthaner et al., 2005, 
2006) have also revealed novel evidence that an early immune response to nematode 
infection in sheep depends on pro-inflammatory cytokine production, as it has been 
suggested earlier for parasitised murine models (Roberts et al., 1999; Maizels and 
Yazdanbakhsh, 2003). Currently, it is not known whether pro-inflammatory cytokines 
contribute to the anorexia of the nematode infections in sheep. However, as the findings of 
the present experiments do not support a strong implication of the humoral responses that are 
associated with IgA production, it could be possible that cellular responses may be involved. 
It could be possible also that the pro-inflammatory type reaction evolves more quickly to a 
specific type immune reaction in older animals and thus the extent of anorexia following 
infection is less pronounced. While immunity to parasites diminishes with time if challenge 
is withdrawn (Dineen and Wagland, 1966), in support of the view that acute type reaction 
evolves more quickly to a specific type immune reaction are the results of Kimambo et al., 
(1998) which found that after a prolonged (6 months) parasite-free period infection did not 
cause any inappetence in 21-montths old sheep.
4.5.3. Effect of (re)infection on PLC in relation to food intake.
Although it appears that in a range of different species, the adipose-tissue derived 
hormone leptin is associated with immune reactivity, the role of leptin on the immune 
response against gastrointestinal nematode infections in sheep has been little explored. The 
aim of the current study was to test the hypothesis that a nematode challenge in lambs would 
result in elevated plasma leptin levels during the acquisition and/or development of 
immunity.
The results show that during the course of the primary infection (experiment I and 
II) but also the secondary infection (experiment III), actual PLC, as analyzed by Model 1,
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did not differ significantly between infected and non-infected ad libitum fed lambs. These 
results concur with the earlier findings o f the previous experiments in the present thesis 
(Chapter 3), as infection did not result in an acute increase in PLC. These results are also in 
agreement with the only available studies on the effect of nematode infection on PLC in ad  
libitum (Fox et ah, 2006) and restrictedly fed (Liu et al., 2007) lambs. The findings are in 
contrast to the increase in PLC that has been observed in studies during nematode infection 
(Mercer et al., 2000; Roberts et al., 1999), acute intestinal inflammation (Barbier et al.,
1998), and other disease models in rodents (Faggioni et al., 1997; Grunfeld et al., 1996; 
Sarraf et al., 1997). Gastrointestinal nematode infection does, therefore, not seem to result in 
an acute increase of PLC in ad libitum fed sheep.
It is well recognized that starvation results in reduced PLC in healthy animals 
including sheep (Blache et al., 2000; Delavaud et al., 2000; Adam et al., 2002; Altmann et 
al., 2005). Parasitised lambs are expected to show anorexia as a result o f infection and 
therefore, this decrease in intake could have itself an effect on PLC in parasitised sheep. On 
the other hand, an increase in PLC or leptin administration reduces ADFI in a dose- 
dependent manner in many animal species, including ruminants (Barrachina et al., 1997; 
Wang et al., 1997; Bard et al., 1998; Henry et al., 1999; Morrison et al., 2001). Furthermore, 
PLC increases in many models of disease following infection (Mercer et al., 1999; Moshyedi 
et al., 1998; Barbier et al., 1998). Barb et al., (2001) suggested that leptin regulation in pigs 
during endotoxin challenge is under the control of a both stimulatory (i.e. by inflammatory 
mediators) and inhibitory (i.e. due to changes in energy metabolism) mechanism, and 
Kulcsar et al.,. (2005) have argued that this might be also the case during infections in sheep. 
The results of the previous Chapter (3) provided support of this suggestion, as PLC was 
significantly affected by infection, when leptin data were corrected for the level of food 
intake. However, in the present experiments, the effect of infection on PLC was not 
significant neither in the previously naive (experiments I and II) nor in the previously
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infected lambs (experiment III) when leptin data were corrected for the level of food intake 
or BCS (model 2). Because infection resulted in a relatively small anorexia in experiment I 
in both breeds, and no anorexia at all in the parasitised lambs in experiment III, the ADFI of 
the pair-fed lambs was not significantly reduced compared to the intake of their infected 
counterparts (Tables 4.1 and 4.2). It is therefore unlikely that the food intake data of the pair- 
fed lambs have provided significant correction for the effect of the level of food intake on 
PLC. The PLC results of the pair-fed lambs suggest that a reduction in ADFI of around 6% 
is not strong enough to result in significant and systematic lower PLC in lambs.
Therefore, whilst the hypothesis that gastrointestinal nematode infection results in an 
increase of PLC in lambs may not be rejected, the evidence from this study do not seem to 
provide support for it. The absence of any clear association between RADFI and changes in 
PLC in experiment I during which a reduction in intake was observed, suggests that leptin is 
not essential for the parasite induced anorexia in sheep.
4.5.4. Conclusions
The data show that breed differences in intrinsic capacity for growth are associated 
with susceptibility to infection as lambs of the S breed had higher FEC and weaker IgA 
response than lambs of the B breed. The susceptibility to infection seems to be age related as 
7month old lambs had better response to a primary infection than 4-months old Iambs as 
evidenced by the lower FEC, although IgA response appeared to be similar. The results 
showed that a primary infection is associated with anorexia in young lambs; however, the 
degree of anorexia was not affected by the IgA response to infection. Re infection of 
previously infected lambs did not result in renewed anorexia when lambs were re-infected 
after 4 or 8 weeks of the end of the primary infection. Finally the results show that nematode 
(re)infection did not result in an increase of PLC and leptin itself is unlikely to be 
responsible for the anorexia of nematode infection in lambs.
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CHAPTER FIVE
Consequences of protein supplementation for anorexia, 
expression of immunity and plasma leptin concentrations in 
parasitised ewes of two breeds
*This chapter has been adapted for publication as:
K. Zaralis, B. J. Tolkamp, J. G. M. Houdijk 1, A. R. G. Wylie, I. Kyriazakis (2008) 
Consequences of protein supplementation for anorexia, expression of immunity and 
plasma leptin concentrations in parasitized ewes of two breeds. British Journal of 
Nutrition, doi:10.1017/S00071145080240IX (in press)
5.1 Abstract
The periparturient relaxation of immunity (PPRI) against parasites in ewes has a 
nutritional basis. This study investigated whether ewes experience a reduction in food intake 
(anorexia) during PPRI and if  the magnitude of anorexia is affected by host production 
potential and dietary protein supplementation. The study also investigated whether nematode 
infection is linked to plasma leptin concentrations in periparturient ewes. The experiment 
was a 2x2><2 factorial design. Two breeds of twin-bearing / lactating ewes (Greyface cross; 
Scottish Blackface x Border Leicester), G (n=32) and Scottish Blackface, B (n=32) were 
used. Half of the ewes was trickle infected with 30,000 larvae of the abomasal parasite 
Teladorsagia circumcincta per week and the other half was not. During the experiment, all 
ewes had ad libitum access to a low protein diet that provided less protein than the 
recommended allowance. In addition, half of the ewes received a protein supplement that 
resulted in protein intakes that exceeded recommendations. Nematode infection resulted in a 
breakdown of immunity to parasites and a reduction in food intake in both breeds. The 
breeds differed in the extent o f PPRI (G ewes having higher FEC than B ewes), but not in the 
magnitude of anorexia. Protein supplementation resulted in a reduction in FEC, but had no 
effect on the magnitude of anorexia. Plasma leptin concentrations changed significantly over 
time, but were not affected by protein supplementation or infection. It is concluded that 
infection with T. circumcincta in periparturient ewes results in anorexia that is not alleviated 
by protein supplementation and seems unrelated to plasma leptin concentrations.
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5.2 Introduction
Anorexia, i.e. a reduction in voluntary food intake, is a prominent feature of many 
infections, including gastrointestinal parasitism. In sheep, the occurrence of anorexia after 
nematode infection has been investigated mainly in parasite-naïve lambs (Coop et al., 1982) 
and such studies have shown that food intake returns to normal when animals acquire a full 
immunity to the parasites (Kyriazakis et ah, 1996). Reproductive ewes, however, can 
experience a breakdown of their acquired immunity to parasites during their periparturient 
period (from late pregnancy through to early lactation) and this is generally referred to as the 
“periparturient relaxation of immunity” (PPRI). The phenomenon manifests as an increase in 
faecal egg counts and worm burdens (Donald et al., 1982; Leyva et al., 1982; Barger, 1993). 
However, there is scant evidence whether or not ewes experience a reduction in food intake 
during PPRI. In addition it is unknown whether there are differences between breeds in the 
degree of anorexia during PPRI and whether these are linked to the production potential of 
the breeds.
Coop and Kyriazakis (1999) while developing a nutrient partitioning framework that 
accounts for nutrient allocation towards the various physiological functions of the host, have 
suggested that PPRI has a nutritional basis. A number of studies have shown that the extent 
of the PPRI can be reduced by an increased intake of metabolizable protein (MP) (Houdijk et 
al., 2000; 2001b). Whether enhanced protein nutrition affects the degree of anorexia in 
infected periparturient ewes is not known. In addition, it has been suggested that breeds that 
have been selected more intensively for production traits (e.g. growth) are more susceptible 
to gastrointestinal infections than breeds that have been selected less intensively (Bisset et 
ah, 2001; Baker, 1998; Rauw et ah, 1998). Whether or not such breed differences in 
production potential are reflected in the degree of anorexia following infection, is not known.
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Maternal plasma leptin concentrations in non-infected ewes decline progressively 
during late pregnancy and early lactation (Ehrhardt et al., 2001) and it has been suggested 
that this reduction in leptin could have negative effects on immune function (Ingvartsen and 
Boisclair, 2001). Adipose tissue metabolism plays an important role in the regulation of 
immune responses (Fantuzzi, 2005) and increased plasma leptin concentrations as a result of 
infection or inflammation have been observed in many models of disease (Grunfeld et al., 
1996; Barbier et al., 1998). Although a similar role for leptin has been suggested for 
nematode infected ewes by Valderrabano et al., (2006), this was not based on a comparison 
of leptin concentrations between infected and uninfected ewes.
The aim of the present study was to test the hypotheses that a) nematode infected 
ewes experience anorexia during the occurrence of PPRI and the magnitude of anorexia is 
greater in ewes selected more intensively for high productivity than in ewes that have been 
selected less intensively, b) the degree of anorexia can be reduced by dietary protein 
supplementation and c) nematode infection of periparturient ewes will result in increased 
plasma leptin concentrations (PLC) compared to non-infected periparturient ewes.
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5.3. M aterials and M ethods
The Animal Experiments Committee of the Scottish Agricultural College approved 
the experimental protocol (AE ED 02/2005). The experiment was carried out under Home 
Office authority for experimental parasitic infection and repeated blood sampling (PPL 
60/3004).
5.3.1. Animals, Housing and Husbandry
Sixty-four pregnant ewes, 32 Greyface crosses (Scottish Blackface x Border 
Leicester; G) and 32 Scottish Blackface (B), which were identified by scanning as bearing 
twins, were brought indoors 57 days (d_57) before the realized mean parturition day (do). 
Upon housing, ewes were orally drenched with Ivermectin (Oramec, Merial, UK) and 
Levamisole (Nilverm Gold, Schering-Plough, Welwyn Garden City, UK) according to 
manufacturer’s instructions, in order to remove residual worm burdens from previous 
exposure to parasites. The mean BW and BCS at d_57 were 73.1 ± 1.13 kg and 3.1 ± 0.04 and 
53.2 ± 1.00 kg and 2.5 ± 0.04 for G and B ewes respectively. Ewes were housed in a 
naturally illuminated and ventilated shed in individual pens with solid floors until 5 weeks 
into lactation (d35). The pens were 1.5 x 2.0 m and were bedded with a thick layer of saw 
dust that was topped up when required. Each pen was equipped with two feeding bins and 
ewes had free access to water from a bucket all day. Feeding bins were raised above floor 
level, a practice which prevented lambs from consuming any of the feed offered to the ewes.
5.3.2. Experimental Design
Ewes were assigned randomly to treatments on the basis of their BW and BCS 
measured on day_57, and ensuring that an equal number (n=8) of similar ewes of each breed 
were allocated to each treatment. The experimental design was a 2x2x2 factorial, which
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involved the two breeds of sheep, two levels of infection (infected and uninfected controls) 
and two feeding treatments (protein supplemented and unsupplemented).
5.3.3. Infection Treatments and Infection Details
The ewes were expected to have had previous exposure to gastrointestinal 
nematodes from field infections prior to housing. Following a 10-d adaptation period after 
housing, half of the ewes in each breed was trickle-infected (treatment: + )  with the 
gastrointestinal nematode Teladorsagia circumcincta at a dose of 10,000 infective third- 
stage larvae, in 10 ml o f water, each Monday, Wednesday and Friday until the end of the 
experiment. Similar rates of infection have previously been shown to lead to establishment 
of a patent T. circumcincta worm burden in periparturient ewes (Leyva et al., 1982; Floudijk 
et al., 2003). The larvae were incubated from eggs that were harvested from fresh faeces of 
infected whether donor sheep every 14 days. Non-infected ewes (treatment: —) were given a 
similar volume of water only (sham infection) at the same time, thus undergoing the same 
amount of handling as the infected ewes.
5.3.4. Feeding Treatments and Experimental Diets
From housing until d_28 all ewes were offered ad libitum hay as a sole diet in an 
effort to reduce body condition score (Tolkamp et al., 2007). During late pregnancy, i.e. 
from d_28 all ewes were fed the same low protein pelleted feed, ad libitum, until the end of 
the experiment. This diet was formulated to provide sufficient energy, minerals and vitamins 
but less than the estimated metabolisable protein (MP) requirements (Table 5.1) of the ewes. 
The feed provided an estimated 7g o f MP per MJ metabolisable energy (ME), while the 
requirements for such twin bearing/lactating ewes are estimated to be 9g MP/MJ ME 
(AFRC, 1993; Houdijk et al., 2001b). For half of the ewes within each infection treatment 
this was the only food supplied (treatment: LP). The other half of the ewes in each infection
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Table 5.1 Ingredients and chemical analysis o f the experimental feeds*







Citrus Pulp 300.0 -
50% Fat Premix 17.0 -
Molasses 50.0 -
Salt 8.0 -
Limestone flour 1.0 -
Calcined Magnesite 4.0 -
Dicalcium phosphate 10.0 -
Scotmin ewe/lamb 2.0 -
Urea 18.0 -
Soy Pass® (xylose-treated 1000.0
soybean meal)
Analyzed composition'
Dry matter (DM) 879.0 794.0
Crude protein 135.0 514.0
Netural detergent fibre 269.0 223.0
Acid detergent fibre 189.0 56.8
Ether extract 33.3 10.8
Gross Energy 18.0 19.8
NCGD1 734.0 827.0
Estimated energy and protein supply8
Metabolizable protein (g/kg DM) 73.0 400.0
Metabolizable energy (MJ/kg DM) 10.5 12.5
*The diets were fed from d_2s to d35, relative to parturition, d0. 
fU nits are g/kg DM, except for dry mater (g/kg feed) and Gross Energy, MJ/kg DM. 
f  NCGD, Neutral detergentcellulase plus amylase and gamannase digestibility. 
§Accordingto Agricultural and Food Research Council, 1993.
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treatment received, in a separate bin, an additional amount o f a protein supplement (Soypass) 
which was calculated to increase the protein supply in the total feed to around 1 lg  MP/MJ 
ME (treatment: HP). To supply sufficient MP, the amount o f Soypass offered to the HP ewes 
was based on the intake of ewes in the study of Houdijk et ah, (2001b). The amounts of 
Soyapass offered to the G ewes and the smaller B ewes were 330 and 250g/day during d_2i to 
d7 and 450 and 340 g/day during d7 to d35, respectively.
5.3.5. Measurements
Ewe and Lamb Performance and Intake. Ewes were weighed at housing and then 
weekly throughout the study, as well as within 6  h after parturition. Lambs also were 
weighed within 6  h after birth and weekly thereafter. BCS estimates of ewes were first taken 
at housing and then weekly from d^ 2 onwards. BCS was measured by lumbar palpation on a 
scale from 0 to 5 with 0.25 increments (Russel et al., 1969) by the same operator. Ewe 
muscle and back-fat depths were measured by ultrasound scanning (Glasbey et ah, 1996) 
from d_42 onwards.
The amounts of distributed food were calculated daily to achieve ad libitum intake. 
Refusals were weighed twice weekly (Monday and Thursday) for calculation of average 
daily food intake (ADFI) and averaged 15% of the amount of food offered, which is 
sufficient to measure ad libitum intake (Blaxter, 1989; Minson, 1990). Experimental foods 
were sampled while the daily allowances were being prepared and daily samples were 
bulked and analyzed for DM, CP, NDF and minerals. There were no refusals of the 
restrictedly fed soypass supplement through the experiment. The refusals of the pelleted food 
were recorded on as fed basis, as similar refusal levels were obtained for the individual 
animals and there was no evidence of feed separation in the bins.
Faecal Egg Counts. Faecal samples were taken twice weekly directly from the 
rectum, from day_57 onwards and analysed for faecal egg counts (FEC) according to a
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modified flotation method (Christie et ah, 1982). FEC was expressed as the number of eggs 
per gram (epg) of fresh faeces.
Plasma constituents. Blood samples were taken weekly from the jugular vein into 
heparinized vacutainers from day d. 50 (pre-infection) onwards. The blood samples were 
centrifuged for 15 min at 2600*g, and the separated plasma stored at -20°C pending analysis 
for leptin, pepsinogen and albumin. Plasma pepsinogen was determined by the modified 
method of Paynter (1992) and expressed in iU (international Units). Plasma albumin as an 
indicator of host protein nutrition was determined by a spectrophotometric method using a 
commercial clinical test: IL Test™ Albumin (Instrumentation Laboratory SpA, Milano, 
Italy) and results are reported in g/1.
Leptin Radioimmunoassay (RIA). Plasma leptin concentration was determined by 
the use o f a ruminant-specific leptin RIA as described previously in Chapter 3. This assay 
uses an anti-ovine leptin antiserum raised in guinea-pigs against recombinant ovine leptin (a 
gift from Prof A Gertler, The Hebrew University of Jerusalem) at a final assay dilution of 
1:160,000. Pure recombinant ovine leptin (DSL Ltd., London, UK) was used as a standard at 
the following concentrations: 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.395, 0.1975 and 0.098 
ng leptin/ml. Approximately 15000 cpm of radiolabeled leptin ( l2T-leptin), prepared by 
iodination with sodium 125I-iodide (Amersham, Bucks, UK), was added to each tube. The 
tubes were incubated for 48 h and then bound and free ligands were separated by addition of 
100p.l of cellulose-bound anti-guinea-pig IgG (Sac-Cel; IDS, Washington Tyne & Wear, 
UK). After centrifugation (3000 rpm; 4°C; 20 minutes) supernatant containing unbound 125I- 
leptin was aspirated by vacuum pump via a trap and the residual, drained pellets were 
counted in a Cobra II gamma counter (Packard Canberra Ltd., Berks, UK). Six replicates of 
blood plasma from a fat (BCS >3.5) non-pregnant ewe and six from a lean (2.0 < BCS > 3.5)
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non-pregnant ewe were used as high and low leptin controls throughout each assay. The 
mean plasma leptin concentrations for these high and low controls were 7.37 ± 0.64 ng/ml 
and 3.62 ± 0.36 ng/ml, respectively. The mean intra-assay coefficients of variation (CV) 
were 9.0% and 10.2.% while the inter-assay CVs were 14.5% and 17.5% for high and low 
controls respectively.
5.3.6. Statistical Analysis
The data obtained for each ewe during the periparturient period were synchronized 
to day relative to parturition (d0). Mean lambing dates for G and B ewes were 20 April 2005 
± 1 day and 27 April 2005 ± 1 day, respectively. The average day relative to parturition 
associated with data obtained during the periparturient period was computed, and used to 
present the results.
ADFI, BW, BCS, muscle and back-fat depths were analysed by repeated measures 
ANOVA with an auto-regressive correlation structure for residual errors over time, using the 
MIXED procedure of SAS (SAS 9.1.3; SAS Institute Inc., Cary, NC, USA). The statistical 
models contained the fixed effects of breed, protein supplementation, infection, time, and 
their interactions. In every statistical model the random effect was animal nested within 
breed by treatment. Data are reported as least squares means and their standard error (SE) 
and their differences were tested by a t-test.
Because ADFI and BW changed dramatically from pregnancy to lactation, data 
obtained during lactation and pregnancy were analysed separately and initial ewe BW 
difference from the mean breed BW measured on d-57 was used as covariable. ADFI refers to 
the intake of fresh basal feed only and does not include the protein supplement. Achieved 
MP intake (MPi) of the ewes was calculated on the basis of ADFI and the protein content of 
the foods. MP requirements (MPR) for pregnant and lactating ewes were estimated on the
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basis of maternal BW and milk yield according to recommendations of AFRC (1993). The 
ratio MPi / MPr of all ewes was subjected to statistical analysis in order to determine the 
degree o f protein limitation or adequacy in the two breeds.
Plasma leptin data were analysed also by ANOVA using the MIXED procedure of 
SAS for repeated measurements. Comparison of actual plasma leptin levels between 
treatments was made by a model that included the main effects of breed, infection, protein 
supplementation, time, and their interactions (model 1). Leptin data were also analyzed by a 
similar model that contained either the back-fat measurements or the RADFI (Relative Food 
Intake: RADFI, g-kg‘1-d"1) of the ewes as a covariable in addition to the main effects of 
breed, infection, protein supplementation, time, and their interactions (model 2). The 
relationships between PLC and back-fat depth, and between PLC and RADFI (Relative Food 
Intake: RADFI, g-kg'l-d'1) were tested by comparing the respective covariable coefficient 
with its associated standard error. All models for leptin included an assay effect to take into 
account the between-assay variation. In every statistical model the random effect was animal 
nested within breed by treatment.
Lamb BW gain (g/d) was calculated by linear regression and data were analysed by 
ANOVA (General Linear Model) with the fixed effects of breed and treatment and litter sex 
(i.e. $ $ ,  $cS‘ and S S  litters).
FEC and pepsinogen data were log-transformed according to logio (*+1), in order to 
normalise residuals, prior to statistical analysis. Log-transformed data were analysed by 
repeated measures ANOVA (GenStat Release 7.2 Lawes Agricultural Trust, Rothamsted 
Experimental Station) as described above for the intake and performance measurements. 
FEC and pepsinogen data are reported as back-transformed means (according to 10“, where a 
=  p+0.5xcj2) (Johnson et al., 1998) with 95% confidence intervals (Cl, lower and upper
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limit). FEC of non-infected ewes were all zero throughout the experiment and these were, 
therefore, not included in the statistical analysis.
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5.4. Results
The balanced structure of the experiment (n= 8  ewes per breed per treatment) was not 
maintained throughout the study. One ewe had still-born lambs (treatment LP+, B), three 
ewes failed to adapt to the experimental feeds (one treatment HP+, B; one treatment LP-, B; 
and one treatment LP-, G) and one ewe gave birth to triplets (treatment HP-, G). The data 
obtained from these animals were excluded from the statistical analysis and treated as 
missing values.
5.4.1. Faecal Egg Counts
Mean back-transformed FEC for infected ewes are shown in Figure 5.1. There was a 
significant breed effect on FEC (P<0.001) as a result of higher epg values in G than in B 
ewes. Protein supplementation resulted in a significant decrease (P=0.038) in FEC, but the
Days relative to parturition
Figure 5.1. Faecal egg counts (FEC; epg, number o f eggs per g fresh faeces) o f  Greyface cross ( O ,# )  
and Scottish Blackface ( □ ,■ )  twin-bearing/lactating ewes, trickle infected with 30 000 third-stage 
infective larvae of Teladorsagia circumcincta per week and offered a protein supplement (0 ,D )  or 
not ( • ,  ■ )  during the periparturient period (d.2s to d33 o f parturition (d0)). The trickle infection started 
on d ^ .  Values are back-transformed means with 95% Cl depicted by vertical bars.
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interaction between protein supplementation and breed was not significant (P= 0.23). As 
expected, FEC changed significantly over time (PO.OOOl). In all treatment groups, FEC 
were low until d.2i (<17 epg upper limit), increased with time to peak during early lactation 
and then tended to decrease towards the end of the experiment. Maximum FEC for both 
breeds were observed on the LP treatment, i.e. on d7for B ewes (119 epg; 95% Cl 67, 213) 
and on d2g for G ewes (648 epg; 95% Cl 325, 1294). Mainly as a result of these differences, 
the interaction of time with breed was significant (P=0.005).
5.4.2. Food intake
Figure 5.2 shows the observed mean ADFI of G and B ewes from d.24 until d3i of the 
experiment. Breeds did not differ in ADFI during late pregnancy (d.24 to d0; P=0.53) or 
lactation (d0 to d3); P= 0.85). ADFI in both breeds did not change with time during late 
pregnancy (P=0.09) but increased significantly during lactation in both breeds (PO.OOl). 
Nematode infection resulted in a significant reduction in ADFI in both breeds during late 
pregnancy (reduction around 12%; P=0.026) and even more so during lactation (reduction 
around 22%; P=0.0036). Interactions between breed and infection were not significant in 
either period (P>0.5). Protein supplementation resulted in higher ADFI in G ewes but not in 
B ewes especially during lactation as indicated by the significant interaction between breed 
and protein supplementation (P=0.011; see also Figure 5.2 and Table 5.2). The interaction 
between protein supplementation and infection was not significant during either late 
pregnancy (P= 0.58) or lactation (jP=0.86), which showed that protein supplementation did 
not affect the extent of the observed anorexia.
Protein supplementation resulted in MP intakes that were higher than the estimated 
MP requirements, during both late pregnancy and lactation in both breeds (Table 5.2). Ewes 
that were fed the low protein basal diet only had a ratio of MP intake to MP requirements 







Days relative to parturition
Figure 5.2. Group mean average daily food intake of Greyface cross (panel a) and Scottish Blackface 
(panel b) twin bearing / lactating ewes, trickle infected with 30,000 L3 larvae of T. circumcincta per 
week ( • ,■ )  or non infected (0,111) and offered a protein supplement (HP; O ,# ) or not (LP; □ ,■ ) 
during the periparturient period (d.2s to d33 of parturition (d0)). The trickle infection started on d.47. 
Standard errors are shown by vertical bars.
in a significant interaction between the effects of protein and breed during both late 
pregnancy and lactation (Table 5.2).
5.4.3. Ewe and Lamb Performance
During both periods, G ewes were heavier than B ewes (PO.OOOl; see Figure 5.3). 
Infected ewes in both breeds had lower BW than non-infected ewes during both late 
pregnancy (P=0.003) and lactation (P=0.0002). A difference in ewe BW between HP and LP 
treatments was observed only in G ewes and this was reflected by a significant interaction 
between breed and protein supplementation during both late pregnancy (P=0.04) and 
lactation (P=0.01; see Figure 5.3). There was also a significant interaction between breed 
and time on ewe BW because B ewes gained more BW than G ewes, but this was apparent 
only during lactation (P=0.003). G ewes lost more BCS over time than B ewes did as 
indicated by a significant interaction between breed and time (PO.OOOl). On average, 
infected ewes had lower BCS compared to non-infected ewes as shown by the main effect of 
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Figure 5.3. Group mean weekly BW o f Greyface cross (a) and Scottish Blackface (b) twin bearing / 
lactating ewes, trickle infected with 30,000 L3 larvae o f T. circumcincta per week ( • , ■ )  or non 
infected ( 0 ,D )  and offered a protein supplement (HP; O ,# )  or not (LP; □ ,■ )  during the 
periparturient period (d.2s to d33 of parturition (d0)). The trickle infection started on d_47. Standard 
errors are shown by vertical bars.
significant (P= 0.22). Unsupplemented ewes lost more BCS compared to protein 
supplemented ewes over time as shown by the interaction between protein supplementation 
and time (P=0.0003).
At lambing, mean whole litter BWs of G and B ewes were 10.6 ± 0.26) and 6.6 ± 
0.26) kg (jPO.OOOI). Mean daily litter BW gains were 559 ± 29 g/d and 419 ± 27 g/d for G 
and B ewes respectively (P=0.001). Litter sex tended to affect litter birth weight with $ 9 ,  
9c? and S S  -litter mean weights of 9.9 kg, 10.9 kg and 10.8 kg in G ewes and 5.9 kg, 7.0 kg 
and 6.9 kg in B ewes (± 0.4, P= 0.07). Across treatments, HP ewes produced heavier litters 
than LP ewes {P= 0.03) but there were no differences in birth weights between litters 
produced by infected and non infected ewes (P=0.3). There was a significant breed * protein 
supplementation interaction due to the faster growth of the G lambs from the HP treatment 
(P=0.006). Litters nursed by infected ewes tended to have lower whole litter BW gain 
(P=0.1) than litters nursed by non infected ewes but the interaction between breed and 
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Figure 5.4. G roup m ean weekly back fat depth o f  G reyface cross (a) and Scottish Blackface (b) twin 
bearing / lactating ewes, trickle infected w ith 30,000 L3 larvae o f  T. circumcincta per week ( • , ■ )  or 
non infected ( 0 ,0 )  and offered a protein supplem ent (HP; O ,# ) or not (LP; □ ,■ )  during the 
periparturient period (d.2s to  d33 o f  parturition (d0)). Standard errors are shown by vertical bars. The 
trickle infection started on d ^7.
5.4.4. Back-fat and Muscle Depth
Mean back-fat depth was considerably higher in G ewes (4.3 ± 0.11 mm) than in B 
ewes (2.0, ±  0.11mm) during the periparturient period (P 0 .0 0 0 1 ) but because G ewes lost 
more BCS than B ewes the interaction between breed and time was significant (P<0.0001; 
Figure 5.4). Back-fat depth was affected positively by protein supplementation over time 
(P=0.04) and negatively by infection (P=0.05) in both breeds.
In ewes of both breeds, muscle depth decreased during late pregnancy (P 0 .0 0 1 ). 
During lactation, muscle depth remained almost static in G ewes but increased in B ewes; 
that was reflected by a significant breed x time interaction (P<0.001). Infected ewes had 
significantly lower muscle depth compared to non infected ewes in both breeds (P=0.02; 
Table 5.3). Protein supplementation did not affect muscle depth in B ewes but it had a 
positive effect in G ewes as shown by a statistically significant interaction between breed 
and protein supplementation (P=0.03; Table 5.3).
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Table 5.3. A verage body condition score (BCS) and m uscle depth (M D) o f  tw in bearing / lactating 
ewes tha t receive (HP) or did not receive (LP) a protein supplem ent and were infected (+) or non 
infected (-) w ith the nem atode Teladosargia circumcinctcF.
Item
G reyface cross Scottish B lackface
HP- HP+ LP- LP+ HP- HP+ LP- LP+ SE1 Response
Body condition 




I** B X P**
(BCS)
M uscle depth 23 .9 2 2 .9  21.7 20 .7 2 1 .2  20.1 20.3 19.8 0 .500
(M D)
I, infection (+  v. -); P, protein supplem entation (HP v. LP); B, breed (G reyface cross v. Scottish 
Blackface).
*P<0 05, ** P<0-01, *** PO-OOl.
f  Infection started on d .4 7  relative to parturition (d0) and anim als w ere receiving oraly 30,000 L3 
larvae per week. N on-infected anim als were receiving only water (“sham ” infected). Protein 
supplem entation started on d_28. BCS and M D  were m easured w eekly from d„42 to  d30. The protein 
supplem ent was SoyPass® (xylose-treated soybean meal). For chemical analysis see Table 5.1.
JS E M  are based on error mean squares pooled over treatm ent groups.
5.4.5. Plasma constituents
Plasma pepsinogen. Plasma pepsinogen concentrations were similar in non infected 
ewes of both breeds, were not affected by protein supplementation and did not change 
systematically with time (Figure 5.5). Infected ewes had higher plasma pepsinogen 
concentrations than non infected ewes and differences were significant from the first week of 
infection in both breeds (PO.OOOl). Protein supplementation had no effect on pepsinogen 
concentrations in B ewes but it resulted in a decrease in plasma pepsinogen concentration in 
G ewes from parturition until the fourth week of lactation; this was reflected by significant 
breed x protein supplementation interaction (P=0.017).
Plasma albumin. Plasma albumin concentrations increased from late pregnancy to 
lactation in both breeds (PO.OOOl; Figure 5.5). Ewes on the LP treatment had significantly 
lower plasma albumin concentrations compared to ewes on the HP treatment (P=0.0002) and
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these differences were more pronounced during lactation. The breed by protein 
supplementation interaction was not significant (P= 0.65). Infection resulted in significantly 
lower plasma albumin concentrations in both HP and LP treated ewes of both breeds 
(P=0.02).
Plasma leptin. Analysis of PLC with model 1 (no covariables included) showed no 
effect of infection (P=0.77) or of protein supplementation (P= 0.52) but PLC was higher 
(P=0.005) in G (1.2 ± 0.11 ng/ml) than in B ewes (0.7 ± O.llng/ml). However, the breed 
difference in PLC disappeared (P= 0.43) when data were analyzed with model 2, in which, 
back-fat depth was included as a covariable. This model showed that there was a statistically 
significant (P 0 .0 0 1 ) positive relationship between PLC and back-fat depth, as evidenced by 
the covariable coefficient and the interaction between breed and back-fat depth was found to 
be statistically non-significant (P= 0.22). The estimated covariable coefficient showed that a 
difference in back-fat depth of 1 mm was associated with a difference in PLC of 0.184 ± 
0.028 ng/ml (P 0 .0 0 1 ). According to this model PLC was also not affected by infection 
(P=0.87) or protein supplementation (P=0.54). The model that included RADFI as a 
covariable showed that there was no statistical evidence of a relationship between PLC and 
RADFI (P= 0.27) but the breed effect remained significant (P=0.005). All models showed 
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Figure 5.5. Plasma albumin concentrations o f Greyface cross (panel a) and Scottish Blackface (panel 
b) twin bearing / lactating ewes, trickle infected with 30,000 L3 larvae o f T. circumcincta per week 
( • ,  ■ )  or non infected ( 0 , 0 )  and offered a protein supplement ( O ,# )  or not ( □ ,■ )  during the 
periparturient period (d.2s to d33 of parturition (d0)). The trickle infection started on d.47. Standard 









Figure 5.6. Back-transformed means o f pepsinogen concentrations and 95% Cl of Greyface cross 
(panel a) and Scottish Blackface (panel b) twin bearing / lactating ewes, trickle infected with 30,000 
L3 larvae o f T. circumcincta per week ( O ,# )  or non infected (■ )  and offered a protein supplement 
( • )  or not (O ) during the periparturient period (d.2s to d33 o f parturition (do)). The trickle infection 
started on d.47. Cl are shown by vertical bars.
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A T. circumcincta challenge was imposed upon half of experimental periparturient 
ewes of two different breeds which did or did not receive a protein supplement to evaluate 
the effects o f infection, breed and protein supplementation on parasite induced anorexia and 
PLC. The effects of breed and protein supplementation on PPRI will be considered before 
the discussion of the results in relation to the hypotheses developed in the introduction.
5.5.1. Effects of breed and protein supplementation on PPRI
Periparturient ewes displayed a loss of their acquired immunity to T. circumcincta 
infection as evidenced by an increase in FEC during late pregnancy and lactation. FEC as an 
indirect measure of immunity has proven to be an effective criterion with which to assess the 
extent of PPRI in ewes and it has frequently been used to compare differences in resistance 
to infection between breeds (Donald et al., 1982; Amarante et al., 1992; Barger, 1993; 
Woolaston and Baker, 1996; Bisset et al., 2001; Amarante et al., 2004; Good et al., 2006). In 
the LP treatment, infected G ewes had FEC which were more than 5 times higher than that of 
B ewes (Figure 5.1). In addition, the relaxation of immunity occurred earlier in G ewes 
compared to B ewes as indicated by the significant rise in FEC during late pregnancy (Figure 
5.1). Significant differences in the extent and timing of PPRI between the two breeds suggest 
that B ewes were more resistant to T. circumcincta infection than G ewes under the same 
plane of nutrition.
In agreement with previous studies (Houdijk et al., 2000; 2001b), protein 
supplementation in G ewes limited the extent of PPRI during late pregnancy as evidenced by 
the significantly lower FEC during lactation (d7 onwards; Figure 5.1). In B ewes, with the 
exception of the first week of lactation, the differences in FEC between HP and LP 
treatments were not as large as they were in G ewes (Figure 5.1). Protein supplementation
5.5. Discussion
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resulted also in lower pepsinogen levels, an indicator of mucosal damage by the parasite, in 
G ewes during lactation but it did not affect pepsinogen levels in B ewes (Figure 5.5).
The finding that the two breeds differed significantly in their resistance to infection 
could be due to the enhanced genetic resistance of the B breed per se. However, the nutrient 
partitioning framework of Coop and Kyriazakis (1999) suggests that the degree of nutrient 
scarcity can affect the degree of breakdown of immunity to parasites. Several studies with 
ewes (Donaldson et al., 1998; Houdijk et al., 2000; 2001b), goats (Chartier et ah, 2000) and 
more recently with rats (Houdijk et ah, 2005a,b) have shown that dietary MP scarcity 
exaggerates the extent of PPRI while an increased supply of, or a decreased demand for, MP 
reduces PPRI. Based on their own ad libitum food intake, unsupplemented G ewes achieved 
a lower proportion of their MP requirements than unsupplemented B ewes, as discussed 
below. This in itself could be sufficient explanation for the differences in PPRI observed 
between the two breeds. Whether B ewes would have displayed the same degree in PPRI as 
G ewes if they had been fed to the same degree of MP scarcity remains to be investigated.
5.5.2. Effects of breed and infection on food intake
Although the effects of gastrointestinal infection on sheep immune response has 
been studied extensively (Barger, 1993), our knowledge of the effects of nematode infection 
on food intake changes in periparturient ewes is limited. The only investigation of effects of 
nematode infection on ADFI in periparturient ewes is from Leyva et al., (1982) and their 
study reported a reduction in food intake. Nematode-infected barren ewes that maintain their 
acquired immunity to nematodes do not show a reduction in food intake (Greer et al., 2005). 
This suggests that in periparturient ewes the occurrence of anorexia is related with the 
relaxation of immunity.
The results show that infected ewes had significantly lower food intake than non­
infected ewes during the periparturient period. However, the degree of anorexia was not
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strongly associated with the differences in the extent of the PPRI between the high and the 
lower production potential breed. Therefore, the results of the present study do not support 
the hypothesis that anorexia is greater in ewes selected more intensively for high 
productivity than in ewes that have been selected less intensively. Leyva et ah, (1982) 
reported a 16% reduction in food intake during lactation in parasitised Poll Dorset ewes fed 
on a good quality diet (145g C.P/kgDM), but they did not observe any reduction in food 
intake during late pregnancy. Our findings that infected ewes experienced a reduction in 
food intake during late pregnancy (around 12%) as well as during lactation (around 22%) 
show that anorexia in periparturient ewes can occur before any increase in FEC is observed.
Leyva et al., (1982) supported the view that the occurrence of anorexia in 
periparturient ewes is unlikely to be attributable to abomasal damage - as suggested by Sykes 
and Coop (1977) based on an experiment with parasitised lambs. Although the mechanisms 
underlying the parasite-induced anorexia in sheep remain unclear, a recent study has shown 
that the occurrence of anorexia in parasitised sheep is associated with the development 
(acquisition) of the immune response rather than the expression of immunity per se (Greer et 
al., 2005). Immune response was not depended on IgA production and was not accompanied 
with a reduction in food intake in non pregnant or non lactating ewes (Greer et al., 2005). 
Nevertheless, a significant increase in IgA levels is closely associated with the rise in FEC in 
periparturient ewes (Jeffcoate et al., 1992; Sykes et al., 2007) but also in infected parasite- 
naive lambs (Stear et al., 1999). Greer et al., (2005) suggested that the physiological changes 
associated with the acquisition phase o f the immune response, characterized by the 
stimulation of IgA production, are responsible for the loss in appetite in infected parasite- 
naive lambs. Because mature animals restore their immune response following the PPRI, it is 
possible that the parasite-induced anorexia in periparturient ewes is related to the developing 
immune responses which eventually lead to the restoration of immunity.
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5.5.3. Effects of protein supplementation on food intake and performance
The extent of PPRI in ewes is sensitive to dietary protein intake (Donaldson et al., 
1998; Houdijk et al., 2000). For that reason we also investigated how protein 
supplementation affected the degree of anorexia in periparturient ewes. G ewes were heavier 
and lambs nursed by G ewes had significantly higher body weight and weight gain than 
lambs nursed by B ewes. These differences imply that G ewes had a greater MP demand for 
maintenance, late pregnancy and lactation than B ewes (Robinson et al., 1969; AFRC, 1993), 
supporting the rationale for feeding a higher protein supplement to G ewes on the HP 
treatment. However, in order to be able to measure anorexia as a result of infection, all ewes 
were fed ad libitum. G ewes on the HP treatments did indeed consume more basal diet than 
B ewes and all HP groups achieved an MP intake that was more than adequate in relation to 
their requirements, as intended.
Unexpectedly, LP ewes of both breeds consumed similar amounts of basal diet, 
which resulted in G ewes consuming a lower proportion of their MP requirements than B 
ewes during late pregnancy and during lactation (see Table 5.2). Therefore, over the entire 
periparturient period, MP supply was more limiting in G ewes than in B ewes. Since the 
AFRC (1993) system does not take into account effects of urea recycling on MP scarcity, it 
seems likely that on the LP treatment MP supply was underestimated (Van Soest, 1988). 
Performance of B ewes and their lambs was similar in supplemented and unsupplemented 
treatments, suggesting that the MP limitation must have been small. In contrast, 
unsupplemented G ewes lost more weight (Figure 5.3) and their lambs gained less weight 
than their counterparts in the supplemented treatments. These observations agree with the 
MP supply data that the MP limitation was much more severe in G than in B ewes
Protein supplementation had no significant effect on the degree of anorexia in either 
breed because the reduction in ADFI was similar in the HP and LP treatments. This finding 
does, therefore, not support the hypothesis that protein supplementation can lower the extent
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of anorexia in a manner similar to its effect on PPRI. In the only other study that investigated 
effects of food quality on anorexia, the degree of anorexia following trypanosome infection 
was also similar in goats that received either a high or a low protein food (Van Dam et al. 
1998). We conclude that protein supplementation affected PPRI as measured by FEC but not 
anorexia and that the latter two variables are, therefore, not strongly related.
The significant interactions between breed and protein supplementation on ewe BW 
and whole litter BWG provide indirect evidence of differences between breeds in the extent 
to which their protein demands were met. However, these results may not have been the 
exclusive effect of differences in protein scarcity because they could well have been affected 
by the differences in total ADFI between G ewes on the HP and LP treatments. The 
differences between breeds in protein scarcity as a result of the LP treatment were, to some 
extent, also reflected in the lower muscle depth in G ewes, but not in B ewes, when 
compared to their HP counterparts, since it has been shown that MP undernutrition reduces 
the weights of a range of proteinaceous body components (Sykes et al., 1972; Houdijk et al., 
2001a). In addition, excess MP can improve abomasal integrity restoration which in turn 
leads to lower plasma pepsinogen concentrations in infected ewes (Houdijk et al., 2003). 
Accordingly, the absence of a significant effect of protein supplementation on pepsinogen 
concentrations in B ewes, in contrast to G ewes, could also be a reflection of the differences 
in protein scarcity between the two breeds.
5.5.4. Effects of infection on PLC in relation to back-fat reserves
An important role in the relationship between nutritional status and immune function 
has been recently ascribed to leptin (Lord et al, 1998). Changes in PLC in response to 
inflammation have been suggested to be important for the animals’ ability to cope with, and 
survive, infections (La Cava and Matarese, 2004). Therefore, we tested the hypothesis that 
nematode infection of periparturient ewes will result in increased PLC.
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Data obtained in a recent study (Valderrabano et al., 2006) suggested that 
differences in the immune response appeared to be associated with differences in serum 
leptin levels in periparturient ewes infected with H. contortus. Although this study was the 
first to address the possible implication of leptin during the periparturient immune response 
in ewes, the results were difficult to interpret because of the absence of any non-infected 
control ewes in that experiment. The experimental design o f our study allowed a direct 
comparison of PLC between infected and non-infected ewes during the periparturient period. 
Since a positive relationship between adiposity and PLC exists in ruminants (Chilliard et ah, 
1999; Delavaud et al., 2002) the statistical model for PLC analysis included body fat depth 
as covariable to take this into account. Our results showed that PLC was affected 
significantly by time. These results are in accordance with the finding that maternal PLC in 
ewes declines from mid-pregnancy to early lactation where it reaches a nadir and increases 
gradually thereafter (Ehrhardt et al., 2001). Our results also show that PLC was positively 
correlated with back-fat depth, which is consistent with previous observations. Infected ewes 
tended to have lower back-fat depth and significantly lower BCS. However, when 
differences in back-fat reserves were accounted for, infected ewes did not differ in their PLC 
from non-infected ewes, which suggests that PLC are unlikely to be increased as a result of 
infection in periparturient ewes. In addition, despite protein supplementation that resulted in 
increased albumin and lower pepsinogen levels and reduced the extent of PPRI in 
periparturient ewes, PLC was not significantly affected by the level of protein 
supplementation. This further suggests that PLC are unlikely to be involved in MP 
partitioning towards the physiological functions of the host. Reduced appetite in ruminants 
has previously been ascribed primarily to physical limitations of the gastrointestinal tract, but 
metabolic signals may play an equally important role (Ingvartsen and Andersen, 2000; 
Tolkamp et al., 2006). Although a role for leptin for the anorexia of infection has been 
proposed in other models of disease (Grunfeld et al., 1996; Barbier et al., 1998), our results 
suggest that leptin is unlikely to contribute to the reduction in appetite in infected
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periparturient ewes because PLC did not differ between infected and control ewes and PLC 
was not strongly associated with RADFI.
5.5.5. Conclusions
This study showed that T. circumcincta infection resulted in anorexia in 
periparturient ewes of each of two breeds differing in production potential, and that the 
anorexia can occur before any increase in FEC is observed. The differential breed responses 
to nematode infection were not associated with breed differences in anorexia. The results add 
to the growing body of evidence that where breakdown of immunity to T. circumcincta 
infection occurs under conditions of protein scarcity, the supplementation with protein can 
lower the extent of the breakdown. However, the hypothesis that dietary protein 
supplementation can reduce the magnitude of anorexia in periparturient ewes had to be 
rejected. The results were also not consistent with the hypothesis that nematode infection of 
periparturient ewes would result in increased plasma leptin concentrations and it is unlikely 






This thesis describes studies on the interactions between the effects of host genotype, 
immune status and protein supplementation on the parasite-induced anorexia of sheep. In the 
first place, the hypothesis tested was that the degree of anorexia following a primary 
infection will be greater in a genotype that has been selected more intensively for growth 
than a genotype that has been selected less intensively. This hypothesis was tested also 
during secondary infections (re-infections) in lambs and ewes. Re-infection of lambs started 
2, 4 or 8 weeks after finishing the primary infection. In ewes the effect of re-infection and its 
interaction with the genotype on anorexia was tested at the time of periparturient relaxations 
of immunity (PPRI). In addition to the interaction between effects of genotype (i.e. 
intensively selected for growth or not) and immune status (i.e. primary or secondary 
infection), the effect of protein supplementation on the parasite induced anorexia in sheep, 
was also investigated.
The thesis also examined the role of leptin in the parasite-induced anorexia of sheep. 
In view of the scant evidence as to whether leptin is involved in the regulation of immune 
responses in parasitised sheep, the first aim of the study was to investigate whether nematode 
infection results in increased plasma leptin concentration, as it has been shown for murine 
models (Barbier et a l ,  1998). It was hypothesized that plasma leptin concentration is 
increased as a result of infection with nematodes, when variation in of food intake or body 
fat reserves was accounted for. The hypothesis was tested during the acquisition phase of the 
immune response and during the expression of immunity in lambs (Chapters 3 and 4), but 
also during the occurrence of PPRI in ewes (Chapter 5).
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The principal issues raised by the experimental studies, which warrant further 
discussion in this Chapter are:
• The effects of breed on immune response to infection and on the parasite-induced 
anorexia
• Effects of dietary protein supplementation on parasite-induced anorexia
• The role of leptin in the immune response and anorexia of parasitised sheep. 
Subsequently, practical implications of these findings and suggestions for further research 
are proposed.
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6.2. The effects of breed on immune response to infection and on the 
parasite-induced anorexia
In order to study the effect of breed and its interaction with protein supplementation 
and immune status on the parasite-induced anorexia in sheep, the design of each experiment 
involved the use of two breeds of sheep that differed in their production potential. The 
breeds selected for experimentation were Suffolk x  Greyface (S) or Greyface cross (G) and 
Scottish Blackface (B). Lambs of the S or B breed are known to vary in their intrinsic 
capacity for growth and mature size in a common environment (Emmans and Friggens, 
1995; Lewis et ah, 2004). Also, as discussed in Chapter 5, G and B ewes differed in their 
production potential and mature BW as it is evidenced by the differences in their BW, milk 
production, and differences in litter BW at birth. In addition, lambs nursed by G ewes were 
growing faster than the lambs nursed by the B ewes, at least within the high protein 
treatment. Overall the results from the three experimental Chapters are in support of the 
previous suggestion that these breeds differ in their production potential (Emmans and 
Friggens, 1995; Lewis et al., 2004), and therefore, the selection of these breeds for 
experimentation was sufficiently robust to enable sound investigation of the hypotheses 
developed.
The experiments of the present thesis showed that animals of the B breed were more 
resistant to infection than that of the S or G breed, as judged by the FEC. The significant 
breed difference in resistance was observed during the acquisition of immunity, following a 
primary nematode infection, but not during the expression of immunity following a 
secondary nematode infection (see Chapters 3 and 4), in lambs. In addition, the breed 
differences in IgA response to nematode infection was more pronounced during the 
acquisition of immunity (primary infection experiment I, Chapter 4) rather than during the
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expression of immunity (secondary infection experiment III, Chapter 4). However, the breed 
differences in the acquisition phase o f the immune response diminish, when breed 
comparison in resistance was made within older lambs (see Chapter 4). As shown by the data 
of the non-infected lambs, growth rates of the young lambs (i.e. during the primary 
infections) were significantly higher from that of the older lambs (i.e. during the secondary 
infections), and this effect was more pronounced in the lambs of the S breed (see Chapters 3 
and 4). This finding suggests that as the growth rate of the lambs is reduced, their ability to 
deal with the incoming larvae is increased. These results suggest that the undesirable effects 
that selection for enhanced productivity can have on immune response are associated with 
the acquisition of immunity in growing lambs, rather than with the expression of immunity. 
However, breed differences in the expression of immunity can be observed, in circumstances 
when animals have to face, at the same time, additional physiological functions such as 
pregnancy and lactation (Chapter 5). This was evident from the fact that G ewes showed a 
greater degree of PPRI than B ewes, following nematode infection. Therefore, overall the 
results of the three experimental chapters provide support of the view that the function of 
growth, pregnancy and lactation are prioritised over that of immune response, as proposed 
from the nutrient partitioning framework of Coop and Kyriazakis (1999), and as reviewed 
recently by Golditz (2008).
To date, there was no information to link host genotype to the features of anorexia 
during exposure to nematodes in sheep. This was despite the fact that breeds vary markedly 
in their resistance to infection (Gray 1997) and that selection for enhanced productivity can 
have adverse effects on resistance to gastrointestinal infection (Woolaston and Baker, 1996; 
Bisset et al, 2001). As evidenced by several animal models, there is a link between anorexia 
and the stimulation of the (acquired) immune response of the host by pathogens (Plata- 
Salaman, 1996; Hart, 1998; Langhans 2000). In sheep, this suggestion is supported by Greer 
et al., (2005) who found that immuno-suppression during the phase of acquisition of
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immunity, prevented immunologically naïve lambs challenged with gastrointestinal 
nematodes to develop any anorexia. It is possible, therefore, that differences in the ability of 
sheep to cope with nematodes also lead to differences in the rate of development, extent and 
duration of anorexia (Sandberg et al., 2006). The duration of anorexia may reflect the time 
taken by the immune system to begin controlling and subsequently eliminating the pathogens 
and thus it is seen as a reflection of the rate of acquisition of acquired immunity (Kyriazakis 
and Houdijk, 2006). By definition, a resistant genotype may be able to acquire immunity 
towards the pathogen at a faster rate than a susceptible genotype (Woolaston and Baker, 
1996; Baker, 1998; Coop and Sykes, 2002). This in turn, may result in an earlier occurrence 
of anorexia but of shorter duration in a resistant genotype, whereas in a susceptible genotype, 
anorexia may occur slightly later but will be of longer duration (Sandberg et al 2006).
In growing lambs, the hypothesis that the degree of anorexia following a primary 
infection will differ between breeds that differ in their production potential is supported by 
the results of experiment 1 (Chapter 3). As discussed in Chapter 3, the absence of anorexia in 
B lambs could be related to the fact that the lambs were not entirely parasite naïve prior to 
infection. Because B lambs are more resistant to' infection (as shown by the results of the 
present thesis), it is possible that these lambs acquired immunity faster due to their 
preliminary exposure to infective larvae, and thus the primary trickle infection did not result 
in anorexia. In support of this suggestion are the results of the subsequent experiment 
(experiment I, Chapter 4). In this experiment, all lambs were entirely parasite naïve prior to 
the start of the infection and anorexia observed in both breeds, although the breed difference 
in anorexia was not significant. The absence of a significant breed effect on anorexia could 
be related to the apparently small reduction in food intake (approximately 6%) that the 
primary infection resulted in both breeds, in this experiment (see table 4.1). There is no clear 
explanation for this result, but it seems unlikely to be related to the protein content of the 
food (see discussion of Chapter 4 and part 6.3 of this Chapter). It is also not likely to be
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related to the infectivity of the administrated larvae, as the same strain of L3 was used in all 
experiments o f the present thesis.
In experiment II (Chapter 4), primary infection did not result in a statistically 
significant reduction in intake in the in the 6-month old lambs. The ADFI data, however, 
could suggest a tendency (P  = 0.08) for the infected S lambs to have reduced intake (see 
Figure 4.5a). The fact that this was not statistically significant is possibly related to the 
smaller number of lambs per treatment and to the shorter duration o f this experiment 
compared to the experiment I of both 3 and 4 Chapters. Therefore, based on the results of 
these experiments the hypothesis tested cannot be rejected. However, further investigation 
into breed effects on anorexia is required, as the current work is the first to study the effect of 
genotype on the parasite-induced anorexia of sheep.
In the present thesis it was also tested whether infection of previously infected sheep 
results in renewed anorexia. The expectation was that the degree of the renewed anorexia 
would increase in accordance to the length of the parasite free period, as acquired immunity 
diminishes with time, in the absence of nematode challenge (Dineen and Wagland, 1966; 
Jackson et al 2004). Following re-infection animals would have to re-acquire immunity, 
which in turn is expected to result in anorexia, since anorexia is associated with the 
acquisition phase of the immune response (Greer et al, 2005). In Chapter 3, re-exposure to 
infection after 2 weeks of the end of the primary tended to affect ADFI of the S breed 
(Figure 3.3a). However, in this experiment the initiation of the secondary infection was 
relatively close to the end of the primary infection. Therefore, the tendency of the re-infected 
S lambs to eat less relative to B lambs, could be viewed either as a renewed anorexia or as a 
failure of these lambs to recover their ADFI following de-worming. The later view is rather 
likely since ADFI in the non-re-infected S lambs increased, while ADFI of re-infected lambs 
did not decrease, but, remained constant (Figure 3.3.a). The effect of re-infection of lambs in
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the two breeds was examined also in a subsequent experiment (Chapter 4) in which, lambs 
were re-infected after 4 or 8 weeks of a parasite free period. The results showed that anorexia 
did not occur in either of these treatments in either breed. Kimambo et al (1998) have also 
found that anorexia did not occur in re-infected sheep after a prolonged (6 months) parasite- 
free period. Therefore, the suggestion that anorexia may occur in re-infected lambs is not 
supported by the results of the present thesis. As discussed in Chapter 4, it is possible that a 
pro-inflammatory type reaction evolves more quickly to a specific type immune reaction in 
older and/or previously infected lambs, thus the extent o f anorexia following (re)infection is 
less pronounced or even absent.
The present thesis revealed evidence that re-infection does result in anorexia in 
previously infected ewes, during the periparturient period. The results showed that the 
degree of anorexia in periparturient ewes was not associated with the degree of the 
breakdown of immunity as judged by FEC, and was not associated with the breed differences 
in the extent of PPRI (Chapter 5). The effect of infection on anorexia in periparturient ewes 
has not been studied extensively, and therefore information about the mechanisms 
responsible for the anorexia of periparturient ewes was not available. The fact that anorexia 
does not occur in previously infected non -pregnant -lactating ewes (Kimambo et al 1998; 
Greer et al 2005), but it does occur in periparturient ewes, raises the question whether the 
loss of the acquired immunity is responsible for the occurrence of anorexia per se. Studies 
with immuno-suppressed sheep can be helpful in the attempt to answer this question. For 
example, immuno-suppression of non -pregnant -lactating ewes can be viewed as an 
equivalent to the loss of acquired immunity in periparturient ewes. The failure of immuno- 
suppressed ewes to express immunity to nematode infection resulted in an increase in FEC, 
but not in anorexia (Greer et al 2005) and therefore, it can be suggested that the occurrence 
of anorexia in periparturient ewes cannot be related to their inability to express their acquired 
immunity. The data of the present thesis suggest that anorexia can occur in periparturient
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ewes before any increase in FEC was observed. In addition, given the significant breed 
differences in the extent of PPRI, it can be argued that the magnitude but also the duration of 
anorexia in periparturient ewes are not strongly associated with the extent of PPRI that the 
periparturient ewes display, as judged by the rise in FEC. Because, the occurrence of 
anorexia in sheep is associated with the acquisition phase of the immune response (Greer et 
al, 2005) and ewes restore their immunity following the PPRI, it is possible that the 
occurrence of anorexia in periparturient ewes is related to the developing immune responses 
that alleviate the extent of PPRI and which eventually lead to the restoration of immunity.
The findings of the present thesis show that anorexia develops during the acquisition 
phase of the immune response in previously naïve lambs and during the developing immune 
responses in periparturient ewes. Expression of immunity was not associated with anorexia 
in re-infected lambs and, as mentioned previously, anorexia does not occur during the 
expression of immunity in non -pregnant -lactating ewes (Kimambo et al 1998; Greer et al 
2005). Although it may be apparent from this series of experiments that the developing 
immune response is involved in the reduction of appetite, this does not explain why animals 
have evolved a mechanism which reduces nutrient intake at a time when demands for energy 
and protein for the development o f immune function and repair of damaged tissue are 
increased. In many animal models, the occurrence of anorexia following infection has been 
suggested to serve a function, rather than being simply a by-product of the immune response 
to infection (Murray et al 1979; Symons, 1985; Hart, 1998; Kyriazakis et al. 1998). 
Kyriazakis et al (1998), in a comprehensive review have developed several functional 
hypotheses to account for the reduced feed intake in parasitized animals. According to this 
review, the most plausible hypothesis is that i) food intake decreases for the purpose of 
promoting an effective immune response in the host or ii) anorexia allows the host to become 
more selective in its diet, and thus select foods that either minimize the risk of infection or 
are high in antiparasitic compounds. The role o f anorexia in early immune response to
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infection is supported by the experimental evidence which shows that force feeding of 
infected mice to a “normal” energy intake (i.e. that of their uninfected controls) led to an 
increased mortality, and shortened survival time, compared with infected mice that were 
allowed to become anorexic (Murray et al 1979). This outcome could well be seen as the 
host’s impaired ability to mount an effective immune response (Kyriazakis et al 1998). 
Because in the present experiments anorexia occurred when animals had to develop, rather 
than to express immune response, it suggests that anorexia during nematode infection has an 
“immunopromotionary” role. On the other hand, if the role of anorexia was to help animals 
to become more selective in their diet, it would be expected on different diets, animals will 
show different degrees of anorexia. In case of the dietary protein content, the results of the 
present thesis show that this is not likely to be the case. The effect of protein 
supplementation on anorexia are summarised in the next section.
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6.3. Effects of protein supplementation on parasite-induced anorexia
Several studies with ewes (Donaldson et al., 1998, Houdijk et al., 2000, 2001 a,b), 
goats (Chartier et al., 2000) and more recently with rats (Houdijk et al., 2005a) have shown 
that dietary metabolisable protein (MP) scarcity exaggerates the extent of PPRI while an 
increased supply of, or a decreased demand for, MP can lower the extent of PPRI. Thus the 
present thesis investigated whether protein supplementation can alleviate also the degree of 
anorexia in periparturient ewes, in a similar way to its effects on PPRI. In agreement with 
previous studies (Donaldson et al., 1998, Houdijk et al., 2000, 2001b), the results of the 
present thesis showed that protein supplementation limited the extent of PPRI in ewes, as 
judged by FEC results. The results showed that infection imposed a significant reduction in 
ADFI in both breeds, but this reduction was not affected by protein supplementation as 
shown by the non significant interaction between infection, protein supplementation and 
time (Chapter 5). Similar was the effect of infection when data were analyzed on a RADFI 
basis (ADFI data scaled relative to ewe BW; RADFI, g-kg‘I-d"1), which accounted for 
differences in mature size between breeds and treatments. The data suggest that protein 
supplementation can alleviate the extent of PPRI but not the degree of anorexia in 
periparturient ewes.
Protein supplementation does not seem to have a significant effect on the degree of 
anorexia in parasitised lambs either. That protein supplementation can affect the degree of 
anorexia was proposed in the study of Bown et al (1991), who found that abomasal infusion 
of casein decreased the degree of anorexia in lambs. Subsequent studies however, 
(Kyriazakis et al., 1994, 1996b) did not provide support for this suggestion, van Dam et al,
(1998), also found that the degree of anorexia following trypanosome infection was similar 
in goats that received either a high or a low protein food. In the present thesis, the effect of
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protein supplementation on the degree of anorexia in lambs was not investigated. However, 
as discussed in Chapter 4, it is unlikely that the dietary protein content of the food could 
have contributed in the differences in the degree of anorexia, as shown by the results of the 
primary infected S lambs in Chapter 3 and 4.
There is evidence from studies in pigs that protein supplementation can affect the 
characteristics of anorexia in a different manner. The data from the experiments of Williams 
et al. (1997) suggested that the degree of anorexia diminishes, as the protein content of the 
food (lysine) is decreased; food intake between the control and “immune stimulated” pigs 
was identical at the lowest level o f lysine. The results of the present thesis showed that ewes 
in the LP treatment, although received well below their requirements in MP (Table 5.2) did 
show anorexia. This was in magnitude, similar to that observed in the ewes of the HP 
treatment, which over covered the MP requirements of the ewes. It seems therefore that there 
are contradictory findings on the effect of protein supplementation on anorexia following 
infection in reproductive animals. The fact that protein supplementation does not seem to 
affect the degree of anorexia in periparturient ewes or lambs, at least as evidenced by the 
available studies so far, could suggest that protein supplementation does not have a direct 
effect on the mechanism responsible for the occurrence of anorexia in sheep. However, the 
effects of protein supplementation on parasite-induced anorexia merit further investigation 
especially in the view of the little information available. In an attempt to understand better 
the mechanisms involved in the parasite-induced anorexia, the present thesis put forward 
novel hypotheses that tested the role of leptin in the immune responses and anorexia during 
the gastrointestinal infection of sheep. These findings are discussed in the next section.
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6.4. The role of leptin in anorexia and immune responses of sheep 
infected with gastrointestinal nematodes
The adipocyte hormone leptin is involved in the regulation of immune responses and 
its plasma concentrations increase acutely following infection in many disease models. An 
increase in plasma leptin concentration could itself be responsible for the anorexia of 
parasitised sheep, or could act indirectly, through the stimulation of excretion of pro- 
inflammatory cytokines that are known to act in the hypothalamus and promote anorexia 
(Spurlock, 1997; Plata-Salaman, 1998, 2004; Ingvartsen and Andersen, 2000). Evidence for 
an involvement of leptin in the nematode infected animal is, however, scant. Thus, the major 
challenge of the current thesis was to investigate, in the first place, whether nematode 
infection results in increased plasma leptin concentration in sheep. The hypothesis tested was 
that plasma leptin concentrations are increased as a result of the immune response to 
nematode infection in sheep, when accounted for the level of food intake or body fat 
reserves. This hypothesis was based mainly on the existing evidence that studies in rodents 
and humans have revealed, but also on the current -admittedly very limited- evidence on the 
role of leptin in immune response in farm animals.
In general, the results of the present thesis show that plasma leptin concentrations do 
not increase acutely in lambs following a primary or a secondary infection with T. 
circumcincta, neither in ewes during the occurrence of PPRI. These findings are in contrast 
to the acute increase in PLC that has been observed in earlier studies during nematode 
infection (Mercer et al., 2000; Roberts et al., 1999), acute intestinal inflammation (Barbier et 
al., 1998), and other disease models (Faggioni et al., 1997; Grunfeld et al., 1996; Sarraf et 
al., 1997) in rodents. The failure to detect an acute increase in plasma leptin concentration in 
response to nematode infection could be due to species differences as the majority of
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evidence for such an effect for leptin comes from studies in rodents and humans (Daniel et al 
2003; Kulcsar et al, 2004). It is also possible that this result is due to the nature of infection; 
however, this suggestion is less likely in view of the evidence in other models of disease than 
parasitism, in ruminants. Daniel et al (2003) report that peripheral administration of 
lipopolysaccharide (LPS) or inflammatory cytokines such as TNF or IL-1 did not alter 
circulating concentrations of leptin in ewes, in contrast with studies in mice (Finck et al., 
1998) and rats (Roelfsema et al., 2001). Acute endotoxemia also failed to result in an 
increased PLC in sheep (Soliman et al., 2001) and cows (Soliman et al., 2002) and similar 
was the effect of prion disease on PLC on ewes (Viguie et al 2004). With regards to the 
effect of nematode infection on PLC in sheep, Valderrabano, et al, (2006) recently suggested 
that leptin may be involved in the protective immune reactivity in periparturient ewes. 
However, these findings are not supported by those from Fox et al (2006) who found that a 
single dose of T. circumcincta did not result in significant changes in PLC, in Suffolk- 
Romney cross lambs. It should be noted here that both of these studies did not involve 
control (non-infected) lambs to allow for a direct comparison in PLC between infected and 
non-infected sheep and, therefore, the results are difficult to interpret. Recently, Liu et al 
(2007) reported that infection with a combination of T. circumcincta and T. colubriformis did 
not result in an increase in PLC in restrictedly fed Merino lambs. In the experiments of the 
present thesis, infection with T. circumcincta did not result in acute increase in PLC in ad 
libitum fed lambs or ewes. This was shown in all experiments by a direct comparison in PLC 
between infected and non-infected sheep. In accordance with other observations, 
gastrointestinal nematode infection does, therefore, not seem to result in an acute increase of 
PLC in ad libitum fed sheep.
However, the failure to observe an acute increase in PLC following infection, does 
not necessarily imply that PLC are unaffected by infection, as its regulation can be 
influenced simultaneously by other mechanisms (Kulcsar et al, 2004; Batra and Siegmund,
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2007). For example, Barb et al (2001) suggested that leptin regulation in pigs during 
endotoxin challenge is under the control of two opposing mechanisms: one stimulatory (i.e. 
by inflammatory mediators) and one inhibitory (i.e. due to changes in energy metabolism). It 
could be well argued therefore, that this might be also the case during infections in sheep 
(Kulcsar et al. 2005). For many animal species, including sheep, it is well recognized that 
PLC are reduced with starvation (Blache et. al., 2000; Delavaud et al, 2000; Adam et al, 
2002; Altmann et al, 2005). Because parasitised sheep are expected to show anorexia, this 
decrease in intake could have itself an effect on PLC. Changes in body fatness as a result of 
infection could also affect PLC in sheep. Therefore, in order to prove a critical role for leptin 
in parasitised sheep, experiments that account for these opposing mechanisms are required. 
The design of the experiments of the present thesis allowed comparisons in PLC between 
infected and non-infected sheep with similar food intake and/or body fatness, as measured by 
condition score or back-fat depth. The results of Chapter 3, showed that PLC were affected 
by infection with T. circumcincta when the statistical model accounted for differences in the 
RADFI of infected and non-infected lambs. This effect was significant during both the 
primary and secondary infection. These results suggest that leptin may be involved in the 
immune response to nematode infection in lambs, even when nematode infection does not 
provoke an acute increase in PLC.
The results of the subsequent experiments (Chapter 4), however, did not show a 
similar effect of infection in PLC and do not provide strong support of the hypothesis tested. 
The discrepancy in the findings of Chapter 3 and 4 is difficult to explain. Because the same 
strain and dose of T. circumcincta larvae was used in all experiments, it is unlikely that the 
severity of infection have contributed to this outcome. This suggestion is supported also by 
the similar FEC results in these experiments. It is proposed, however, that this outcome 
could be related to the different approaches adopted in the two Chapters, in order to account 
for the effect of food intake level on PLC. This explanation relies on the fact that RADFI of
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the pair-fed lambs in Chapter 4 was not significantly reduced in order to affect PLC and thus 
when RADFI data were used as a co-variable did not provide significant explanation in PLC 
variation. In contrast, the RADFI of the restrictedly fed treatments in Chapter 3 was 
significantly reduced and PLC were highly positive correlated with RADFI (Tables 3.2 and 
3.3). The differences in the severity of food intake reduction in the non-infected lambs 
between the two experiments may have resulted in the inconsistency of the effect of 
infection on PLC.
Similar to previous observations, the experiment with the ewes (Chapter 5) suggests 
that PLC are not acutely affected by nematode infection during the periparturient period. 
Valderrabano et al., (2006) recently suggested that differences in the immune response 
appeared to be associated with differences in serum leptin levels in periparturient ewes 
infected with H. contortus. Flowever, such an effect was not observed in the present study. 
This was shown by the finding that observed PLC did not differed between infected and non 
infected ewes in either breeds or treatments. In addition, the effect of infection on PLC 
remained non significant when the statistical model accounted for the variation in back-fat 
depth across breeds and treatments. The results show that during the periparturient period, 
PLC are unlikely to be affected by nematode infection.
The results of the present thesis are consistent with the observation that maternal 
PLC decline progressively through late pregnancy and remain at low levels during lactation 
(Ingvartsen and Boisclait 2001; Ehrhardt et al, 2001). The decrease in leptin production 
during late-pregnancy/early-lactation could result from negative energy balance and lower 
body condition score (BCS) of ruminants during that period (see review from Chilliard et al., 
2005). Low leptin levels during this period could serve to increase metabolic efficiency and 
energy conservation (Chilliard et al., 2000) that favour nutrient partitioning to the mammary 
gland for increased milk production (Vernon et al, 2002). In accordance, eliminating the
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energetic costs of lactation by preventing milk delivery induced dramatic increases in plasma 
leptin and insulin levels and also increased adiposity (Woodside et al, 2000). Therefore, 
results of the present work that nematode infection failed to increase PLC during the 
periparturient ewes could reflect the view that the function of pregnancy and lactation is 
prioritised over that of the immune response, as suggested in the nutrient partitioning 
framework of Coop and Kyriazakis (1999).
Several factors have been proposed as the specific cause of reduction in food intake 
during pathogen challenges (Plata-Salaman, 1996; Johnson, 1998; Langhans, 2000). These 
factors are strongly related with the developing immune responses and are members of the 
cytokine family (Weingarden, 1995; Spurlock, 1997; Plata-Salaman, 1998; 2004; Ingvartsen 
and Andersen, 2000; Langhans, 2000). Leptin and its receptor belong to the cytokine family. 
In several disease models there was an undoubted positive correlation between the elevated 
circulating leptin levels and reduced intake (Barbier, et al, 1998; Grunfeld et al, 1996; Sarraf 
et al, 1997; Mercer et al 1999; Niswender et al 2001). Thus a role for leptin in the anorexia 
of infection and inflammation was proposed (Grunfeld et al 1996; Barbier et al., 1998; Plata- 
Salaman, 1998). The'results of the present thesis show that infection did not result in an 
acute increase in PLC during primary and secondary infections in lambs and ewes. In 
Chapter 3, although infected lambs had significantly higher PLC than non-infected lambs 
with similar RADFI in both breeds, anorexia was observed in lambs of the S breed only. In 
the subsequent experiments with lambs (Chapter 4) the association between RADFI and 
changes in PLC were not clear. In periparturient ewes, despite the significant reduction in 
food intake, PLC did not differ between infected and control ewes and PLC was not strongly 
associated with RADFI. Overall, these results show that leptin alone is unlikely to be 
responsible for the anorexia that is observed in parasitized sheep. Since recent evidence 
suggests that cytokines are involved in the regulation of immune responses in sheep
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(Pernthaner et al 2005, 2006). It is therefore possible that cytokines are part of the 
mechanism responsible for the occurrence of anorexia in parasitised sheep.
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6.5. Conclusions - Future directions
The major consequence of gastrointestinal infections in ruminants is the reduction of 
the voluntary food intake, which in turn results in impaired animal productivity and 
economic losses in ruminant production systems. Some of the principal approaches in the 
control of parasitism are based upon the exploitation of the genetic resistance of livestock, 
and improved nutrition (e.g. protein supplementation) of the host. The present thesis presents 
a series of experiments that studied the interaction between the effects of host genotype, 
immune status and protein supplementation on the parasite-induced anorexia of sheep. In 
relation to the mechanism(s) involved in the occurrence of anorexia, the study put forward a 
novel hypothesis and tested whether leptin concentrations in plasma are increased as a result 
of infection and whether this increase is associated with the reduced food intake.
This work provided novel evidence that anorexia does occur in ewes during the 
PPRI and that the degree of anorexia they display is not influenced by dietary protein 
supplementation. The results show that the effect of protein supplementation on the degree 
of anorexia is not influenced by the host genotype. The results further suggest that protein 
supplementation is unlikely to act directly on the mechanism responsible for the occurrence 
of anorexia in periparturient ewes. Whether the degree of anorexia is affected by food 
characteristics other than dietary protein, merits further investigation.
The present study is the first to investigate whether breeds of different production 
potential differ in the degree of anorexia, following nematode infection. The results show 
that there were phenotypic differences in resistance to infection between those breeds, with 
high producing genotypes showing less resistance. The breed differences in the phenotypic 
resistance to infection were not associated with breed differences in the degree of anorexia in
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periparturient ewes and in lambs during secondary infections. Overall, these results suggest 
that the degree of anorexia is unlikely to be a correlated trait to the phenotypic resistance that 
animals show through their ability to limit FEC. However, more attention to the genotype 
effects on anorexia is required because the data from the lamb experiment (Chapter 3) show 
that breed differences in the degree of anorexia can exist during the acquisition phase of the 
immune response.
The experiments presented in the present thesis have provided novel evidence that 
leptin is unlikely to be itself responsible for the occurrence of anorexia in parasitised sheep. 
The data show that nematode infection (primary or secondary) does not result in an acute 
increase in plasma leptin concentrations in sheep, in contrast to findings in other disease 
models in murine studies. The novelty of the experimental design allowed for comparisons 
in plasma leptin concentrations between infected and non-infected sheep with similar food 
intakes. These data showed that leptin is probably involved in the regulation of immune 
responses, as the effect of infection on plasma leptin concentrations was significant, when 
differences in intake were accounted for. However, the suggestion that leptin is regulated by 
two opposing mechanisms is open to future investigation. Further elucidation of the 
mechanism as well as the functional significance of anorexia in sheep in response to 
nematode infection would assist us in devising control strategies that could either overcome 
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